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“If | had an hour to solve a problem and my life depended on the solution, | would spend 
the first 55 minutes determining the proper question to ask, for once | know the proper 
question, | could solve the problem in less than five minutes.” 

— Albert Einstein 


Preface 


Philosophy behind the work 


Applying intuitive thinking together with acquired subject knowledge while 
dealing with problems in physics is certainly very rewarding. This not only 
helps in developing a better understanding of the physical processes 
described in a problem but also enhances capabilities of making a proper 
physical model of the physical situation at hand and then applying subject 
knowledge with utmost clarity. 


This work is an effort to cultivate the above-mentioned philosophy that 
also happens to be an essential prerequisite for aspirants of national and 
international Physics Olympiads as well as of JEE (Advanced). 


Structure of the work 


In every chapter, very fundamental ideas of the subject are introduced in a 
section ‘Back to Basics’ followed by four sections of exercises that are 
‘Multiple Choice Questions’, ‘Build-up your understanding’, ‘Check your 
understanding’ and ‘Challenge your understanding’. These sections are 
structured in gradually increasing level of difficulty as well as in accordance 
with usual teaching sequences. 


First two sections of the exercises are primarily for aspirants of JEE 
(Advanced) and together with these next two sections are for aspirants of 
national and international Physics Olympiads. 
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ETIT PE DS 


Kine 


B aT ay 


Ideas of space and time, reference frame, 
position vector, instantaneous and ave- 
rage velocities, soeeds and accelerations; 
types of motion: rectilinear motion, 
curvilinear motion in a plane and in three 
dimensions; Cartesian and polar co- 


ordinate systems and their use in analysing 
rectilinear and curvilinear motions; angular 
motion variables: angular position, angular 
velocity and angular acceleration, kine- 
matics of circular motion; constrained or 
dependent motion. 


“There are children playing in 
the streets who could solve 
some of my top problems in 
physics, because they have 
modes of sensory perception 


that | lost long ago.” 


BACK TO BASICS 


Average velocity U,, and average acceleration d,, of a particle: 


= Ar = AU 
Diy = Qay T 
At At 


Here ř is position vector of the particle. 


J. Robert Oppenheimer 
(22 April 1904 - 18 February 1967) 


Instantaneous velocity U and instantaneous acceleration a ofa 
particle: 
. dř — du 
v =— a =— 
dt dt 


6. 


Usually the term “instantaneous” is dropped and in practice, we simply 
speak and write velocity and acceleration instead of instantaneous velocity 
and instantaneous acceleration. 


Displacement A7 and distance travelled s in a time interval [t,, t2]: 


s= flolae 


12 
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Angular Motion Variables: 
Angular position ĝis an angle made by position vector from a fixed direction. 
Average angular velocity @,, and average angular acceleration @,, 
AO i AÖ 
Oy = ae ay ee 
At At 


Instantaneous angular velocity © and instantaneous angular acceleration @ 


Acceleration a of a particle: normal and tangential components: 


Tangential component of acceleration: 
It accounts for change in speed. 
du du z E : 2) vo. L 
a, = =v—_ a, = — |-~=axp 
dt ds 
Normal Component of Acceleration: 


It accounts for change in direction of motion. 


a, =v, =—= 0 p a,=a-a 


n T 


= @,X0U 


Here @, is time rate at which velocity vector rotates and p is radius 
of curvature of the trajectory at the point under consideration. 


In circular motion, this component of acceleration is usually called 
centripetal acceleration and radius of curvature p becomes radius r of 
the circular path. 


Angular motion and linear motion variables in circular motion: 
s=0r v=or a, =ar 


Here centre of the circular path is taken as the origin of the coordinate 
system. 


Kinematics of translational motion in polar coordinate system: 
T =rê, 
. dr dr, d8 
v=—=—é +r 
dt dt dt 


ê, =ré, +rĝê, 
a= {r-r(d) ke, +(r6 +270) é, = {F-ra’}é, +(ra+2ra)é, 


Here components along base unit vectors ê. and ê, are known as radial 
and transverse components respectively. 


The first derivative of a variable with respect to time is generally denoted 
by putting a single dot (`) and double derivative by putting a double dot (") 
over the variable. 
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| Multiple Choice Questions | Choice Questions 


1. 


From a town, cars start at regular intervals of 30 s and run towards 
another town with constant speed of 60 km/h. At some point of time, all 
the cars simultaneously have to reduce speed to 40 km/h due to bad 
weather condition. What will be the time interval between arrivals of 
the cars at the second town during the bad weather? 

(a) 20 s (b) 30s 

(c) 40s (d)45s 


Sam used to walk to school every morning, and it takes him 20 min. 
Once on his way, he realized that he had forgotten his homework 
notebook at home. He knew that if he continued walking to school at the 
same speed, he would be there 8 min before the bell, so he went back 
home for the notebook and arrived the school 10 min after the bell. If he 
had walked all the way with his usual speed, what fraction of the way 
to school had he covered till the moment he turned back? 

(a) 8/20 (b) 9/20 

(c) 10/20 (d) 12/20 


Three particles A, B and C start moving simultaneously with constant 
velocities from three places. The starting places are collinear and that 
of B is somewhere in between those of A and C. In the absence of C, 
particles A and B would have collided tı time after they started and in 
the absence of B, particles A and C would have collided tz time after they 
started. What would have happened, if A were not present? 


(a) If tə > tı, particles B and C may or may not collide. 

(b) If tə > tı, particles B and C collide in the interval (t1, t2). 

(c) If tg < tı, particles B and C must collide at an instant t < tg. 
(d) If tə < tı, particles B and C must collide in the interval [¢,, t2]. 


A particle moving continuously in the positive x-direction passes the 
positions x = 9 m and 17 m at the instants t = 1 s and 3 s respectively. 
Its average velocities in the time intervals [1 s, 3 s] and [0 s, 6 s] are 
equal. Which of the following statements is/are correct? 

(a)It wasatx=5matt=0s. 

(b) It is moving with a uniform speed. 

(c) Average velocity in the interval [3 s, 6 s] is 4 m/s. 

(d)Information is insufficient to decide. 


When a car passes mark-A, driver applies brakes. Thereafter reducing 
speed uniformly from 160 km/h at A, the car passes mark C with a speed 
40 km/h. The marks are at equal distances on the road as shown below. 


A 


Mark-A Mark-B Mark-C 


ES 
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v/(m/s) 


v/(m/s) 


t/s 


| > 
100 t/s 


T. 


9. 


10. 


Where on the road was the car moving with a speed 100 km/h? Neglect 
the size of the car as compared to the distances involved. 

(a) At mark-B 

(b) Between mark-A and mark-B 

(c) Between mark-B and mark-C 

(d) Information is insufficient to decide. 


Two particles A and B start from the same point and move in the positive 
x-direction. In a time interval of 2.00 s after they start, their velocities 
v vary with time t as shown in the following figures. What is the maxi- 
mum separation between the particles during this time interval? 


u/(m/s) Particle A v/(m/s) Particle B 
2.00 2.00 
1.00 1.00 
1.00 2.00 t/s 1.00 2.00 ils 
(a) 1.00 m (b) 1.25 m 
(c) 1.50 m (d) 2.00 m 


A material particle is chasing another one and both of them are moving 
on the same straight line. After they pass a particular point, their 
velocities v vary with time t as shown in the figure. When will the chase 
end? 


(a) 4.0s (b) 6.0 s 
(c) 12s (d) Insufficient information. 


Two cars A and B simultaneously start a race. Velocity v of the car A 
varies with time t according to the graph shown in the figure. It acquires 
a velocity 50 m/s few seconds before t = 100 s and thereafter moves with 
this speed. Car B runs together with car A till both acquire a velocity 20 
m/s, after this car B moves with zero acceleration for one second and 
then follows velocity-time profile identical to that of A with a delay of 
one second. In this way, car B acquires the velocity 50 m/s one second 
after A acquires it. How much more distance As does the car A cover in 
the first 100 s as compared to the car B? 


(a) As = 30 m (b) As < 30 m 
(c) As = 20m (d) Insufficient information. 


A model rocket fired from the ground ascends with a constant upward 
acceleration. A small bolt is dropped from the rocket 1.0 s after the firing 
and fuel of the rocket is finished 4.0 s after the bolt is dropped. Air-time 
of the bolt is 2.0 s. Acceleration of free fall is 10 m/s2. Which of the 
following statements is/are correct? 

(a) Acceleration of the rocket while ascending on its fuel is 8.0 m/s2. 

(b) Fuel of the rocket was finished at a height 100 m above the ground. 
(c) Maximum speed of the rocket during its flight is 40 m/s. 

(d)Total air-time of the rocket is 15 s. 


Drag force of a fluid on a body is proportional to the velocity of the body 
relative to the fluid. A student drops several small identical stones from 


11. 


13. 
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different heights over a deep lake and prepares graphs between speed v 
of every stone in the water and time t. The graphs can be divided into 
three categories as shown here. Which of the following explanations of 
these graphs appear reasonable? 


(a) The first graph is for a stone dropped from a small height, and the 
second is for a stone dropped from a large height. 

(b) The first graph is for a stone dropped from a large height, and the 
second is for a stone dropped from a small height. 

(c) The third graph is for a stone dropped from a height sufficient to 
acquire the speed vo at the instant it enters the water. 

(d) The third graph is not possible. 


From a place on the ground that is 20 m away from a wall, a bullet is 
fired aiming at a 50 m high mark on the wall. The location of the bullet 
is shown by a circular dot at some point of time. Where on the wall will 
the bullet hit? 


(a) 20 m mark 
(c) 30 m mark 


(b) 25 m mark 
(d) 35 m mark 


. A cylindrical pipe of radius r is rolling towards a frog sitting on the 


horizontal ground. Centre of the pipe is moving with a constant velocity 
v. To save itself, the frog jumps off and passes over the pipe touching it 
only at the top. Denoting air-time of the frog by T, horizontal range of 
the jump by R and acceleration due to gravity by g, which of the 
following conclusions can you make? 


w 7-4" o r>a f 
8 & 


(c) R=4(Jar—v) |Z (d) Re 4(Jar—0) |Z 


Seven buoys A, B, C, D, E, F and G are released in a lake at regular 
intervals in a manner to make a square pattern as shown in the figure. 
The buoys A, C, E and G are on the vertices and the buoys B, D and F 
are at the midpoints of the sides of the square. If the buoys were released 
in a uniformly flowing river in the same manner, the buoy G falls on A. 
What pattern would they make in the river? 


$ © 
ee 
vos vod 
Q, © 
() ROl a) © 


50 


25 


SHY, 


xim 
> 
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14. 


15. 


16. 


17. 


Two motorboats that can move with velocities 4.0 m/s and 6.0 m/s 
relative to water are going up-stream in a river. When the faster boat 
overtakes the slower boat, a buoy is dropped from the slower boat. After 
lapse of a time interval, both the boats turn back simultaneously and 
move at the same speeds relative to the water as before. Their engines 
are switched off when they reach the buoy again. If the maximum 
separation between the boats is 200 m after the buoy is dropped and 
water flow velocity in the river is 1.5 m/s, find distance between the 
places where the faster boat passes by the buoy. 

(a) 75 m (b) 150 m 

(c) 300 m (d) 350 m 


On a road going out of a city, lights of the last traffic signal glow green 
for 1.0 min and red for 2.0 min. After the traffic signal, the road is 
straight and vehicles run at their constant speeds that lie in the range 
60 km/h to 80 km/h. This mode of operation of traffic lights causes the 
vehicles to come out of the city in groups. Some distance away from the 
traffic signal, these groups merge and become indistinguishable. 
Assuming that the vehicles acquire their constant speeds after the 
traffic signal in negligible time, which of the following conclusions can 
you make? 


(a) The groups become indistinguishable 4.0 km after the traffic signal. 

(b) The groups become indistinguishable 8.0 km after the traffic signal. 

(c) Wider is the range of speed of the vehicles; greater is the distance 
where the groups become indistinguishable. 

(d) Larger is the number of fast moving vehicles, shorter is the distance 
where the groups become indistinguishable. 


Two students simultaneously start from the same place on a circular 
track and run for 2 min. In this time, one of them completes three and 
the other four revolutions. Due to thick vegetation in a circular area as 
shown in the figure, either of the boys can see only one third of the track 
at a time. How long during their run do they remain visible to each 
other? 


(a) 20 s (b) 40 s 
(c) 80s (d) 160s 


At a particular instant of time, position vector 7 , velocity vector U and 
angular position @ of a particle traversing a path AB are shown in the 
figure. Here ¢is the angle made by the velocity vector with the positive 
x-axis. Which of the following statements is/are correct? 
. . dê vsin(¢-@ 
(a) Modulus of angular velocity is ae = ee 

r 


: ee eee 
(b) Modulus of tangential component of acceleration is ar A 


Pe ad 
(c) Modulus of normal component of acceleration is Taa 


dø 


(d)Modulus of normal component of acceleration is F 


18. 


19. 


20. 


23. 
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A boy takes 60 min to swim across a river, if his goal is to minimize time; 
and takes 180 min, if his goal is to minimize to zero the distance that he 
is carried downstream. In both these attempts, the boy swims with the 
same speed relative to the river current. Which of the following 
statements can be true? 


(a) He can swim relative to water faster than the river current. 

(b) He cannot swim relative to water faster than the river current. 

(c) If width of the river is 3V2 km, speed of river current is 4 km/h. 

(d)If he crosses a 3V2 km wide river in 60V2 min, he will be carried V2 
km downstream. 


Two balls A and B are simultaneously released on two frictionless 
inclined planes from the positions shown. The inclined planes have 
equal inclinations. The balls pass through a particular horizontal level 
12s and 4 s after they were released. How long after they were released 
will they be closest to each other? 

(a)6s (b) 8s 

(c) 12s (d) 16s 


A horizontal wax bar B rests between a wedge and a vertical wall as 
shown in the figure. The wedge starts moving towards the wall with a 
constant acceleration 0.5 mm/s?. The moment the wedge starts moving, 
a continuous supply of heat from the wall starts melting 1.0 mm length 
of the wax bar per second. If the bar always remains horizontal, which 
of the following conclusions can you make? 


(a) The bar first moves downwards and then upwards. 

(b) The bar stops for a moment after 2.0 s from the beginning. 
(c) Modulus of displacement of the bar in the first 4 s is 1.2 mm. 
(d) Distance travelled by the bar in the first 4 s is 1.2 mm. 


. Particle A moves with a constant speed 2 m/s on a circular path of radius 


4 m whereas particle B moves along a straight line through the centre 
of the circular path always maintaining a constant distance 4 m from 
the particle A. Which of the following conclusions can be drawn? 


(a) Maximum speed of B is 4 m/s. 

(b) Maximum acceleration of B is 2 m/s2. 

(c) During one revolution of A, distance travelled by B is 32 m. 

(d) Modulus of velocity of a particle relative to the other is a constant. 


. Three ants A, B and C are crawling on a large horizontal tabletop always 


occupying vertices of an equilateral triangle, size of which may vary 
with time. If at an instant, speeds of A and B are vg and vg, which of 
the following conclusions can you make for speed vc of C? 


(a) Up < 0.5(v, +, ) (b) vo <0.5(v, + Ug) 


C) Ua <U, +U d) Us SU, +v. 
C ~~A -7B D =A = B 


Components along and perpendicular to a position vector are known as 
radial and transverse components respectively. A particle is projected 
horizontally from the top a tower. Assume acceleration due to gravity to 
be uniform and the origin of the coordinate system at the point of 
projection. 


<Heat 
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25. 


26. 


Column-I Column-II 
(a) Radial component of velocity (p) Always increases. 
(b) Transverse component of velocity (q) Always decreases. 
(c) Radial component of acceleration (r) First increases then 
decreases. 
(d) Transverse component of acceleration (s) First decreases then 
increases. 


Questions 24 and 25 are based on the following physical situation. 


A stone is dropped from the top of a tower and before it hits the ground 
another stone is also dropped. Separation s between the stones is plotted 
against time t assuming that the stones do not bounce from the ground. 
Portions OA and BC of the graph are parabolic, while portion AB is a 
straight line. Acceleration due to gravity is 10 m/s?. 


. Height of the tower is 


(a) 25 m (b) 30 m 

(c) 40 m (d) 45 m 

When the first stone hits the ground, the second stone was moving with 
(a) 10 m/s at a height 40 m. (b) 10 m/s at a height 25 m. 

(c) 20 m/s at a height 20 m. (d) 20 m/s at a height 25 m. 


Questions 26 to 28 are based on the following physical situation. 


In a convoy on a long straight level road, 50 identical cars are at rest in 
a queue at equal separation 10 m from each other as shown. 


“j . e . e . “ee i "le 


Engine of a car provide a constant acceleration 2 m/s2 and brakes can 
provide a maximum deceleration 4 m/s2. When an order is given to start 
the convoy, the first car starts immediately and each subsequent car 
start when its distance from a car that is immediately ahead becomes 
35 m. Maximum speed limit on this road is 72 km/h. When an order is 
given to stop the convoy, the driver of the first car applies brakes 
immediately and driver of each subsequent car applies brakes with a 
certain time delay after noticing brake light of the front car turned red. 


When all the cars are moving at the maximum speed, what is the 
separation between two adjacent cars? 

(a) 35 m (b) 85 m 

(c) 100 m (d)110 m 


. During the time when motion is building up in the convoy, some of the 


cars are moving and the others are at rest. What is the average rate of 
change in length of the segment consisting of stationary cars? 

(a) Decreasing at 0.5 m/s (b) Decreasing at 1 m/s 

(c) Decreasing at 2 m/s (d) Decreasing at 5 m/s 


. When all the cars are moving at the maximum speed, an order is given 


to stop the convoy. If all the cars decelerate at equal constant rates and 


30. 


31. 


32. 


33. 


34. 
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separation between every two adjacent cars again becomes 10 m after 
the whole convoy stops, what can be the deceleration of the cars during 
braking? 

(a) 2 m/s? (b) 4 m/s? 

(c) < 4 m/s? (d) Insufficient information 


Questions 29 to 31 are based on the following physical situation. 


A hot air balloon of constant ascent velocity can be used to investigate 
wind velocities at various altitudes. Employing this idea, one day a hot 
air balloon was released at a distance l = 100 m from a point, where a 
telescope was installed to track the balloon. Since wind velocity was 
almost zero up to a height of approximately 30 m that day, the balloon 
first rose upwards and then due to horizontal drift caused by the wind 
it followed a plane curvilinear path. During continuous tracking of the 
balloon, the telescope has been rotated in a vertical plane without 
change in azimuth. A graph depicting how the angle of elevation varies 
with time thus obtained is shown in the figure. 


. Ascent velocity of the balloon is closest to 


(a) 2.67 m/min (b) 6 m/min 
(c) 8 m/min (d) Information is insufficient to decide. 


Wind velocity at the altitude of the balloon, where angle of elevation 
acquires its maximum value is closest to 

(a) 4 m/min (b) 6 m/min 

(c) 8 m/min (d) 10 m/min 


Horizontal drift of the balloon, when angle of elevation acquires its 
maximum value is closest to 

(a) 180 m (b) 200 m 

(c) 300 m (d) Insufficient information. 


Questions 32 to 35 are based on the following physical situation. 


Two particle A and B are moving towards each other on a straight line 
with equal speeds 5 m/s. At an instant that is assumed t = 0 s, distance 
between the particles is 100 m. It is desired to move another particle C 
always maintaining a distance 40 m from the particle A and 30 m from 
the particle B. 


When and for how long can the particle C fulfil the given condition? 


(a)3s<t<9s (6)9s<t<l1ls 

(c) lls<t<17s (d)3s<t<17s 
What is speed of the particle C at the instant t = 5 s? 
(a) 3.5 m/s (b) 4.8 m/s 

(c) 5 m/s (d) 6 m/s 


What is modulus of acceleration of the particle C at the instant t = 5 s? 


(a) 2.3 m/s? (b) 0.58 m/s? 
(c) 0.90 m/s2 (d) 3.30 m/s2 


50 


a 
t/min 
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35. At the instant, when the line joining locations of A and B is 
perpendicular to the line joining locations of B and C, what are the 
magnitudes of velocities of C relative to A and B respectively? 


(a) 0 m/s and 5 m/s (b) 0 m/s and 10 m/s 
(c) 3.75 m/s and 0 m/s (d) 3.75 m/s and 10 m/s 


Build-up your understanding 


1. 


li 


In an announcement on a railway station, a passenger hears that the 
last train has passed the station At, = 30 min earlier than his train. On 
the next station that is s = 20 km away from the previous station, in 
another announcement he hears that the first train arrived At = 20 min 
earlier than his train. Reading time from his watch, he calculates 
average speed of his train to be v, = 60 km/h. Relying on the announce- 
ments and the passenger’s calculations, determine average speed of the 
first train. 


One day you were on a picnic with your class. During return journey 
from the picnic spot to your school, it began to rain, therefore the driver 
reduced speed of the bus and drove with an average speed vı = 60 km/h 
instead of the scheduled average speed Ug = 70 km/h. After the rain 
stopped, the driver drove the bus at an average speed v2 = 75 km/h and 


covered the remaining s = 40 km exactly in scheduled time. How long 
did it rain? 


There is a narrow bridge somewhere on a road connecting two towns. 
Two cars travel from one of the towns to the other with a constant speed 
vı everywhere on the road, except on the bridge, where they travel with 
another constant speed v2. How the separation s between the cars varies 
with time ¢ is shown in the following graph. 


| : 
10 t,=30 tz=80 t,=100 ts 


(a) What is the speed v, of the cars on the road? 
(b) What is the speed v2 of the cars on the bridge? 
(c) What is length of the bridge? 


Traffic signals are installed at every s = 1.00 km on a long straight road. 
A signal remains red for r= 30 s and green for next t= 30 s. The signals 
are synchronized in such a way that at a time, alternate signals remain 
red and the other remain green. The scheme is shown in the following 
figure. 
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Any 30s Red Green Red Green 
duration 

Next 30s oe | Red Green Red 
duration 


Suggest possible constant speeds at which a vehicle can run on this road 
without a stop. 


A traffic officer receives complaints on frequent traffic jams at a traffic 
signal on the main street of a busy market. He studied the traffic pattern 
and to simplify calculations made a reasonable assumptions that all the 
vehicles are identical in size and move with identical speeds. At present, 
durations of red and the green signals are equal and average speed of 
traffic advancement is vı = 1.5 m/s. For improvement in the situation, if 
he orders to make duration of green signals 7 = 2 times and to leave that 
of red signals unchanged, what would be average speed və of the traffic 
advancement? 


An engineer designs a robot that can climb stairs. If the robot climbs 
with a constant speed v, battery of the robot discharges completely in a 
time interval zt. This dependence is shown in the following graph. 


— 
0 0.5 1.0 1.5 2.0 2.5 3.0 v/(m/s) 


With the help of the graph, determine the maximum length of a 
staircase, which the robot can climb with a constant velocity. 


A semi-cylindrical groove of radius r = 20 cm is made on a horizontal 
floor. An ant wants to cross the groove. A boy decides to help the ant 
making a bridge consisting of straight wire segments. But all the wires 
available are of length l = 38 cm, so the boy rigidly connects two wires 
at right angle and places the bridge in the groove as shown in the figure. 
If the ant can crawl up a wire segment at speed v = 0.5 cm/s and down 
a wire segment at speed 2v, in what minimum time can the ant cross 
the groove with the help of this bridge? 


A particle covers a distance unidirectionally with uniform acceleration. 
If its average velocity is Vav, what could be range of modulus of its 
instantaneous velocity at the midpoint of the path? 


Relation between average velocity Vay of a body and time t is shown in 
the graph. If during the time interval considered, the body did not 
change direction of motion, draw a graph between instantaneous 
velocity of the body and time. 
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A passenger is standing on the platform at the beginning of nth (= 3rd) 
coach of a train. If the train starts moving with constant acceleration, 
the third coach passes by the passenger in At, = 5.0 s and rest of the 
train including the 3*4 coach in At, = 20 s. 

(a) How many coaches are in the train? 

(b) In what time interval did the last coach pass by the passenger? 


A ball is thrown vertically upwards. Its distance s from a fixed point 
varies with time ¢ according to the following graph. Calculate velocity of 
projection of the ball. 
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A clown in a circus juggles with n balls. He throws each ball vertically 
upwards with the same speed at equal time intervals +r. Denote 
acceleration of free fall by g. 


(a) Find expressions for the speed of projection and height of the it! ball 
above his hand when he throws the n** ball. 


If he uses n = 4 balls, distance between the second and third ball is d = 
50 cm at the instant the fourth ball is projected. 


(b) Where is the first ball, when the juggler throws the fourth ball? 
(c) What is maximum height attained by each ball above the hands of 
the juggler? 


To study effect of air resistance, a rubber ball was shot vertically 
upwards from a spring gun from 20t floor of a tall building. Velocity of 
the ball was recorded at regular intervals of time and the data obtained 
were plotted on a graph paper. Some of the marking on the axes are 
erased as shown in the following figure. With what speed did the ball 
strike the ground? 


v/(m/s) $ 


A student throws large number of small pebbles in all possible directions 
with equal speeds u out of a window. The pebbles hit the horizontal 
ground moving at an angle or greater with the ground. Air resistance 
is negligible and acceleration due to gravity is g. Deduce suitable 
expression for the height of the point of projection above the ground. 


16. 


17. 


18. 


19. 


N 
N 


Kinematics of Translational Motion 


. A small ball is thrown from foot of a wall with the minimum possible 


velocity to hit a bulb B on the ground a distance L away from the wall. 
Find expression for height h of shadow of the ball on the wall as a 
function of time t. Acceleration due to gravity is g. 


The maximum range of a shell fired from a gun is R = 22.5 m. This gun 
is mounted on a platform that can move horizontally with a constant 
speed v = 15.0 m/s. At what angle above the horizontal, must the gun be 
aimed to achieve maximum horizontal range? Neglect air resistance as 
well as height of the gun. Acceleration of free fall g = 10.0 m/s2. 


A cannon installed at the top of a hill can fire shells in all directions. 
There is an enemy bunker at an angle of elevation ¢ and a distance d 
from the cannon. All the shells fired explode in air in time T before they 
reach the bunker. At what angle to the horizontal, should a shell be fired 
with a speed u to explode closest to the bunker? Acceleration due to 
gravity is g. 


A boy while watering a garden keeps outlet of the hose h = 0.8 m above 
the ground. Water is continuously flowing out of the hose with a 
constant velocity u = 6 m/s at an angle @= 30° above the horizontal. 
Cross section area of the outlet is A = 1.5 m?, density of water is p= 1000 
kg/m? and acceleration of free fall is g = 10 m/s2. Find mass of water in 
the water stream? 


Angle of projection for the maximum horizontal range of a projectile is 
45°, if the point of projection and the point of landing are in the same 
horizontal level. Determine the angle of projection for the maximum 
horizontal range of a projectile, if 


(a) the point of landing is at a height h above the point of projection. 
(b) the point of landing is at a depth h below the point of projection. 


. A ball dropped on a large inclined plane, bounces repeatedly. Every 


bounce is perfectly elastic i.e. there is no loss of speed and lines of motion 
make equal angles with the incline plane before and after the bounce. 
Find ratio of distance Rj, between the first and the second bounce to 
distance Rə between the second and the third bounce. 


. A marble is projected in a viscous fluid, with an initial speed u at an 


angle @ above the horizontal. Drag force of the fluid results in an 
acceleration a, =—kv in addition to that of gravity, where k is a positive 


constant and U is the velocity of marble. Determine position coordinates 
and x (horizontal) and y (vertical) components of velocity of the marble 
as functions of time t. What is the terminal velocity? 


.In a battle field of ancient times, a soldier with a catapult stationed on 


the top of a very high cliff notices camps of enemy close to the bottom of 
the cliff as shown in the figure. Stones can be launched from the catapult 
with a speed u = 40 m/s at an angle 0 = 60° above the horizontal. If the 
air resistance reduces speed of the stone at a rate k = 0.1 (m/s)/m and 
there is no wind, at what horizontal separation from the enemy camps 
should the soldier install the catapult to hit the enemy camps? 
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Two bikers simultaneously start a race with constant speeds from point 
A to traverse a triangular track ABC, one clockwise and the other in 
anticlockwise sense. They simultaneously cross at B first time after a 
time interval At, = 4 min. If they continue the race, how long after they 
cross at B first time will they again simultaneously cross at B? 


. On a straight section of a highway, sensors are installed to measure 


traffic density. For each lane of the highway, a sensor runs on an 
overhead wire. On a particular day a sensor running with a speed u = 5 
km/h opposite to the flow of traffic underneath, counts N = 360 vehicles 
in a length L = 1 km of the highway. If all the vehicles are moving with 
the same constant speed v = 40 km/h and density of the vehicles is 
uniform, calculate number of vehicles per / = 100 m of the lane. 


A train passes a platform with a uniform speed. A boy standing on the 
platform decides to estimate length of a coach and speed of the train. 
For this purpose, he first runs with a constant speed of u = 10 km/h in 
the direction of the motion of the train and passes by a coach in n, = 30 
steps. Then he turns back, runs at the same constant speed and passes 
by a coach in ns = 20 steps. If the boy covers a distance l = 1.0 m in each 
step, answer the following questions. 


(a) What is the speed of the train? 
(b) What is the length of a coach? 


A ship of length l = 150 m moving with velocity v, = 36 km/h on the sea 
suddenly discovered a sinking boat straight ahead. A rescue boat has 
been lowered from the mid of the ship, which went to the sinking boat 
with speed v», = 72 km/h. When the rescue boat overtakes the leading 
edge of the ship, the sinking boat was x, = 3.0 km away. The rescue boat 
reaches the sinking boat, spends tọ = 1.0 min there to take the people on 
board and then returns with the same speed. Determine time taken in 
the whole rescue operation from the moment the rescue boat was 
lowered to the moment the rescue boat returned to the mid of the ship 
from where it was lowered. 


At the initial instant, two particles are observed at different locations 
moving towards each other with velocities u,; and us. If they are 
subjected to constant accelerations a; and dz in directions opposite to 
their initial velocities, they will meet twice. If time interval between 
these two meetings is At, find suitable expression for their initial 
separation. 


At a particular instant, a particle moving with a constant velocity is 
approaching a fixed point with a velocity u = 3 m/s and after a time 
interval At = 6 s the particle passes the position closest to the fixed point 
with a velocity v = 5 m/s. Find the closest distance between the fixed 
point and the particle. 


Two material particles A and B are moving in free space. How their 
position coordinates x, y and z vary with time tis shown in the following 
graphs. 
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Determine at what instant of time the particles are closest to each other 
and the closest separation. 


Consider two steamers A and B on a calm sea. Steamer A is moving 
towards the north with a constant speed va = 30 km/h and steamer B 
towards the south with a constant speed vg = 10 km/h. If smoke ejected 
by steamer A spreads in a straight line from the steamer towards the 
west and smoke ejected by steamer B spreads in another straight line 
from the steamer towards the north-west, determine magnitude and 
direction of the wind velocity. 


Two identical boats are moving relative to the water current with equal 
speed Upw = 1.0 m/s. To a boy standing on the ground, the first boat 
appears moving perpendicular to the river current and to another boy 
standing on a raft in the river, the second boat appears moving 
perpendicular to the shoreline. In a certain time interval, distances of 
the boats from the shoreline increase by Ay; = 4.0 m and Ay, = 5.0 m 
respectively. Calculate speed of the river current. 


A man in a boat starts from a point A and wants to reach a point C on 
the other bank of a river of width b. The point C is at distance a 
downstream from a point B, which is directly opposite to the point A. 
The water current velocity Uw is uniform everywhere. Find the 
minimum speed of the boat relative to the water current and 
corresponding direction in which the boat must be steered. 


Three points A, B, and C are on a straight horizontal line with equal 
distances between adjacent points. At an instant all the three points 
start moving, the point A begins to move vertically upwards with a 
constant velocity u and the point C vertically downwards with a 
constant acceleration a without any initial velocity. How should the 
point B move vertically so that the three points always remain collinear? 


Three blocks A, B and C are suspended with the help of three pulleys 
and two threads with equal horizontal separation between adjacent 
blocks. Initially the blocks are held at rest at the same level and then 
released. The blocks move in such a way that they always remain in a 
straight line. If at an instant, the block B is observed moving downwards 
with velocity 4 cm/s relative to block A, find velocities of all the blocks 
at this instant. 
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A boat is moving with uniform velocity v», = 20 m/s pulling a water skier 
with the help of a tug-rope of length l = 10 m. To increase his speed the 
water skier tilts the skies slightly away from the direction of motion of 
the boat. As he does so, the tug rope rotates. What is the speed v, of the 
skier with respect to the ground and angular velocity w of the rope, when 
0 = 30° and ¢= 60°? 


The load A is being pulled with the help of two inextensible strings that 
pass over two fixed pulleys as shown in the figure. At an instant 
velocities of the ends of the string being pulled are u and us and the 
angle between the strings connected to the load is 6, what is speed of the 
load? 


A stick AB of length / stands vertically on a horizontal floor leaning on 
a wall. A beetle P starts climbing the stick from the floor. When the 
beetle starts climbing, the lower end B of the stick is made to move away 
from the wall with a constant velocity v. The beetle climbs the stick with 
a constant speed u relative to the stick. If the upper end A does not leave 
the wall, what maximum height can the beetle rise? 


A spacecraft is moving in space, where all the external forces can be 
neglected. Any change in its speed and direction of motion can be 
accomplished by rockets installed on it. At an instant when it is moving 
with a speed v = 100 m/s, the crew inside decides to take a 90° turn with 
an acceleration of constant modulus and then move in the new direction 
with the same speed v. The rockets installed can provide a maximum 
acceleration a = 5V2 m/s2. Find the minimum time spent and shape of 
the path followed during the turn. 


A dog running with a constant speed v is chasing a cat that is running 
with a constant velocity wu. During the chase, the dog always heads 
towards the cat. At an instant, direction of motion of the dog makes 
angle 0 with that of the cat and the distance between them is r. Find 
magnitude of acceleration of the dog at this instant. 


A straight track is tangent to a circular track of radius r. Two material 
points A and B start simultaneously from the common point of the 
tracks. The point A moves with uniform velocity u on the straight track 
whereas the point B on the circular track always keeping itself collinear 
with the centre of the circular track and the point A. Find suitable 
expression for magnitude of acceleration of the point B when it is at 
angular position 8. 
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A 10 km long straight road connects two towns A and B. Two cyclists 
start simultaneously, one from town A and the other from town B. On 
reaching the opposite town a cyclist immediately returns to his starting 
town whereas the other cyclist takes some rest and then returns to his 
starting town. Both of them can ride at a speed 20 km/h in absence of 
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wind but during their whole journey uniform wind from town A to B 
increases speed of a cyclist going with the wind by the same amount as 
it decreases the speed of the cyclist going against the wind. Both the 
cyclists meet twice, first 2 km and then 6 km away from one of the towns. 
In which town and for what period a cyclist rests. 


Imagine a change in the famous story of the hare and the tortoise. In 
this new story, when the hare wakes up, he finds the tortoise x9 = 10.0 
km ahead moving with a constant velocity. The hare not ready to give 
up starts running again with a constant velocity. In its effort to win, it 
overcomes this distance in time tı, but during this time the tortoise 
crawls further a distance xı, the hare overcomes x, in time tə, but the 
tortoise in this time crawls further a distance xə. This situation 
continues repeatedly. A monkey, who was the referee measures only 
distance x3 = 0.08 m and time t7 = 1.28 x 107 s. Assuming the hare and 
the tortoise as particles, find their speeds. How long after the hare 
wakes up, will it win? 


A train is moving at a constant speed of v = 90 km/h on a straight level 
track. From a railway station P on the track, there is a village Q at a 
distance y = 1.2 km in a direction perpendicular to the track. When the 
engine E is x= 1.6 km away from the station, the driver honks a beep of 
horn of duration t= 44 s. Calculate durations of the honking tp and tQ 
heard at the station and in the village. Speed of sound in still air is c = 
350 m/s and there is no wind. 


A material point moving along a straight line enters an 87.5 m segment 
with speed 5.0 m/s and leaves with speed 10 m/s. The particle crosses 
the segment with unidirectional acceleration that never exceeds 1.0 
m/s2. Find range of average acceleration of the point on this segment? 


Two balls are dropped from the top of a cliff at a time interval At = 2 s. 
The first ball hits the ground, rebounds elastically (reversing direction 
instantly without losing speed), and collides with the second ball at a 
height h = 55 m above the ground. How high is the top of the cliff? 


A ball released from a certain height, falls in the influence of gravity, 
strikes the ground and repeatedly rebounds elastically. During a time 
interval t= 8 s from the instant it is released, it covers a distance s = 20 
m. How many collisions during this time did the ball make with the 
ground? Acceleration of free fall is g = 10 m/s?. 


During the last second of its flight, a ball thrown vertically upwards 
covers one-half of the distance covered during the whole flight. The point 
of projection and the point of landing may or may not be in the same 
horizontal level. What maximum possible duration of the flight can be 
obtained? Neglect air resistance and assume acceleration of free fall to 
be 10 m/s?. 


A boy starts from point A and passes point C of a track ABC shown in 
the figure. Portion AB of length / is straight and portion BC is a 
semicircle of radius r (r < 1). Anywhere on the track, the modulus of the 
maximum acceleration of the boy is a. Find minimum transit time of the 
boy from A to C. 
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A fun drive in an amusement park runs between two spots that are 2.0 
km apart. For safety reasons, acceleration of the drive is limited to +4.0 
m/s2, and the jerk i.e. rate of change in acceleration, is limited to + 1.0 
m/s. If the drive can achieve a maximum speed of 144 km/h, find the 
shortest transit time of the drive between the spots. 


House H of an angler is at a distance d from bank OA of a bay AOB and 
at a distance l from the corner O? The angler can walk on the ground 
with a constant speed v and swim in the bay with a constant speed u (u 
< v) relative to the water. One day he decides at his house to fish 
somewhere on the bank OB. Find the minimum time in which he can 
reach the desired fishing spot. 


A biker is moving with constant velocity v away from a long straight 
wall at an angle 0 with the wall. He honks a short beep of horn when he 
is at a distance / from the wall. After how long from the instant he has 
honked, will he again hear an echo of the honking? Speed of the sound 
in air is c. 


. A grasshopper is sitting on the horizontal ground and the sun is shining 


at an angle g above the horizon. The grasshopper jumps towards the sun 
with an initial velocity u at an angle 0 with the ground. Find expression 
for speed of shadow of the grasshopper on the ground. Acceleration due 
to gravity is g. 


A grasshopper on the bottom of a cubical box has to jump out of the box. 
If each side of the box is h = 52 cm and the grasshopper can jump with 
a maximum initial velocity u = 3 m/s, what should the minimum tilt 
angle 0 the box be so that the grasshopper can jump out of the box. 
Acceleration due to gravity is g = 10 m/s?. 


Water flows out in all directions with the same speed from a sprinkler 
consisting of a perforated spherical shell fixed at the end of a hose. When 
the sprinkler is fixed at the ground, maximum height attained by a 
water stream is h. If the sprinkler is shifted to height h above the 
ground, by what factor will the watered area on the ground change? 
Neglect diameter of the spherical shell as compared to the height h. 


A particle projected from the ground passes two points, which are at 
heights hı = 12 m and hg = 18 m above the ground and a distance d = 
10 m apart. What could be the minimum speed of projection? 
Acceleration due to gravity is g = 10 m/s?. 


A stone projected from edge A of a high cliff strikes the ground at point 
C moving almost vertically. Reason for this strange behavior is air 
resistance that is proportional to the speed of the stone. The points A 
and B on the trajectory are in the same horizontal level. Time taken by 
the stone in its upward and downward motions above the level AB differ 
by At and moduli of vertical component of velocities at points A and B 
differ by Av, Horizontal component of velocity at point A is ux and 
horizontal displacement of the stone from A to C is R. Denoting 
acceleration due to gravity by g, find suitable expression for the 
maximum height of the stone above the horizontal level AB. 
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power-line in which poles are 18 m apart. Boys A and B walk on the 
same track while C on a different track in the same direction with 
velocities 4 m/s, 2 m/s and 2 m/s respectively. The track of boys A and B 
is equidistant from the power line and from the track of the boy C. In 
the beginning, all the boys and one of the poles are in a line that is 
perpendicular to the power-line. Draw a graph to show how does number 
of poles that the boy C can see through the space between boys A and B 
vary with time. 


Two boys enter a running escalator at the ground floor of a shopping 
mall. The first boy repeatedly follows a cycle of pı = 1 step up and then 
qı = 2 steps down whereas the second boy repeatedly follows a cycle of 
P2 = 2 steps up and then qə = 1 step down. Both of them move relative 
to escalator with a speed v, = 50 cm/s. If the boys take t; = 250 s and fy 
= 50 s respectively to reach the first floor in complete numbers of cycles, 
how fast is the escalator running? 


Two boys are standing near the ends of a 100 m long conveyor belt that 
is running with a constant velocity 1.0 m/s. The boys step on the 
conveyer belt on its opposite ends and start walking towards each other. 
After meeting, they immediately return towards the ends of the belt and 
then continue the process repeatedly. The boys walk with a constant 
speed of 3 m/s relative to the conveyer belt. What distance relative to 
the ground do the boys walk in the first 300 s? 


. Two cyclists, Mike and Josh, simultaneously started toward each other 


from two towns d = 24 km apart. Josh rode at vy = 25 km/h, and Mike 
at vm = 15 km/h. The moment they start, a fly also starts from Josh 
towards Mike and after reaching Mike, immediately returns towards 
Josh. The fly continues back and forth motion between the cyclists till 
the cyclists meet. Air speed of fly is vr = 30 km/h and the wind blows 
always towards Mike with a constant velocity u = 10 km/h. Find the 
total distance s flown by the fly. 


. Speedometer shows speed and odometer shows distance travelled, both 


relative to the surface on which the vehicle moves. Two conveyor-belts 
each of length L = 500 m are arranged along a line one after the other 
with a negligible gap. The belts are running in the same but unknown 
direction with constant speeds u = 20 km/h and us = 30 km/h. A toy car 
installed with both the instruments runs on the belts one after the other 
spending t= 72 s on them. The speedometer shows constant readings on 
each of the belts and the odometer shows a total reading of s = L = 500 
m. Find the speedometer readings on each of the belts. 


. When a deer was 48 m from a leopard, the leopard starts chasing the 


deer and the deer immediately starts running away from the leopard 
with constant velocity. A leopard cannot run at high speeds for a long 
time and has to slow down due to fatigue. If we assume that the leopard 
starts with an initial speed of 30 m/s and reduces its speed in equal steps 
of 5 m/s after every 2 s interval, at what minimum speed must the deer 
run to escape from the leopard? 


Track of boy A and B 
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On a large slippery ground, a boy left his dog sitting and walks away 
with a constant velocity vp = 2.0 m/s. When he is xọ = 199 m away from 
the dog, the dog decides to catch him and thereafter move together. The 
dog cannot develop acceleration more than a = 2.0 m/s? in any direction. 
In what minimum time will the dog meet the boy? 


On a straight highway, two cars A and B are running at the same speed 
u = 108 km/h in the same lane. In the best efforts of braking, at this 
speed the car A can stop in tsa = 7.0 s and the car B in ts = 10 s. In an 
emergency when driver of the front car applies brakes, in response the 
driver of the rear car also has to apply brakes to avoid accident. However 
braking of the rear car begins after a delay ta = 1.0 s from the instant 
its driver notices the brake light signal of the front car. 

(a)If car A is running ahead of car B, what should be the minimum 
separation between them before driver of the car A applies brake? 
(b) If car B is running ahead of car A, what should be the minimum 
separation between them before driver of the car B applies brake? 


A large number of pedestrians are walking in the same direction in 
queues on each side of a road of width b = 3.0 m. Distance between two 
adjacent pedestrians on either side of the road is a = 2.0 m and 
pedestrians on one side are displaced by a distance 0.5a with respect to 
pedestrians on the other side as shown in the figure, depicting the 
pedestrians by small circles. A boy distributing advertisement leaflets 
bypasses all the pedestrians. The boy and the pedestrians all are 
walking with the same constant speed v = 1.5 m/s. Starting from a 
pedestrian if the boy handovers leaflets to all the pedestrians he comes 
across, how much length / of the road will he cover in 2.0 minutes? 


. Two cars A and B are running in the same direction with constant 


speeds va = 25 m/s and vg = 27 m/s on a straight road. Another car C is 
running with a constant speed uc = 30 m/s on another straight road. If 
the car C always remains equidistant from the cars A and B, find moduli 
of velocities of the car C relative to the car A and the car B. 


A beetle carrying a food-grain rests on a small platform, which is moving 
with uniform velocity u parallel to a uniform frictionless slope as shown 
in the figure. At some point of time, the food-grain fell out of the grip of 
the beetle. After a collision with the slope, the food-grain stops for a 
moment and then starts sliding down the slope. The moment when the 
food-grain collides with the slope, the beetle jumps off horizontally 
backwards with a velocity 3u relative to the platform for the food-grain. 
If the beetle grabs the food-grain exactly when it lands on the slope, find 
suitable expression for the height h of the platform above the slope. 


A honeybee is flying parallel to a tabletop at a height h = 2.0 m witha 
constant velocity v = 20V2 m/s. With its wings, it can achieve a maximum 
acceleration a = 400V3 m/s2. At an instant when the honeybee is 
vertically above a honey drop on the tabletop, it decides to reach the 
honey drop. Neglect the reaction time of the honeybee and find the 
minimum time in which the honeybee can reach the honey drop. 
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. A boy crosses a river twice on a straight path at an angle ¢= 30° with 


the downstream direction, first time in two minutes and second time in 
four minutes. If his speed relative to river current is Up, = V3 m/s in 
both the attempts, find speed of the river current. 


To cross a river of width b = 320 m a boatman steers his boat always 
aiming toward a point that is directly opposite to the starting point. 
Velocity of the boat relative to the river current is Upw = 2.5 m/s and 
river current velocity is Vw = 1.5 m/s everywhere. Determine time, which 
the boat will take to cross the river. 


Two ships A and B can establish mutual communication when they are 
not more than 50 km apart. At midnight, the ship B moving towards the 
north with a velocity 4 km/h passes a location 80 km east of ship A that 
is moving with velocity 16V2 km/h towards the northeast. Find the time 
interval during which they were in communication. 


. An aircraft is flying at a level height in a straight line. When you see it 


at an elevation g = 53° above the horizontal, you hear its sound coming 
from an elevation = 37° above the horizontal. When the aircraft passes 
a location vertically above your head, its angular velocity relative to you 
is æ = 0.125 rad/s. Speed of sound in air is v, = 330 m/s. If transit time 
of light from the aircraft to you is negligible as compared to that of the 
sound, calculate altitude of the aircraft. 


In a particular scene of a science fiction movie, a UFO is flying 
horizontally at a very high altitude with a speed u that is 7 (< 1) times 
of speed c of light. The UFO is emitting sharp light pulses at regular 
and very small intervals. Find the speed of the UFO recorded by an 
observer on the ground at point O when the UFO appears at an angle 0 
with the vertical. Ignore relativistic corrections. 


An UFO (un-identified flying object) is believed to be a space ships used 
by aliens. 


Two cars are moving at constant speeds; one on a circular path of radius 
R = 200 m and the other on a straight road. Magnitude v of velocity of 
one car relative to the other has been recorded at regular intervals of 
time and data thus obtained is represented in a graph as shown in the 
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figure. Calculate speeds of both the cars relative to the ground. 


. A stone is projected from the ground with a velocity 10 m/s and its 


trajectory is drawn to an unknown scale on a graph paper. The 
horizontal range and the maximum height on the graph are 1.0 m and 
0.25 m respectively. The graph paper is glued on a horizontal tabletop. 
If an insect moves along the trajectory on the graph paper with a 
uniform speed 1.0 cm/s, what should the modulus of its maximum 
acceleration be? Acceleration due to gravity is 10 m/s2. 


Four identical rods are hinged at their ends to make a parallelogram 
ABCD. The hinged joint A is rigidly attached to a wall and the opposite 
joint C is pulled away from the wall with a constant acceleration a as 
shown in the figure. Initially, the joints A and C were coincident. Find 
of acceleration vector of the joint C at the instant shown. 
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37. A particle P is moving with a constant speed u on a straight line that 


Challenge your understanding 


1. 


makes an angle 0 with the positive x-direction of a coordinate system. 

When P crosses the y-axis at a point (0, /), another particle Q starts from 

the origin and chases P with a uniform speed v (v > u). The chaser Q 

always maintains its velocity vector towards the chased P. 

(a) How long after Q starts from the origin, will it catch P? 

(b) If both the chaser Q and the chased P move with equal speeds (i.e. u 
= v), what will be the minimum distance between them and what will 
be the maximum magnitude of acceleration of the chaser Q? 


When you start your stopwatch, a particle moving on the x-axis is 
observed somewhere between the positions x = 10 m and x = 12 m. 
Sometime during the fourth second, it passes the position x = 22 m and 
at the instant t = 12 s it is observed somewhere between the positions x 
= 55 m and x = 60 m. When do you expect its arrival at the position x = 
88 m? 


One end of a light inextensible thread of length lis held stationary over 
a frictionless horizontal floor while a small bead tied at the other end of 
the thread is describing a circular path with a uniform speed vo on the 
floor as shown in the figure. 


The upper end of the thread is suddenly pulled vertically upwards with 
a constant acceleration ao. If the bead does not leave the floor, find 
magnitude of its acceleration immediately after the upper end of the 
thread is pulled. 


Starting from the centre of a circular path of radius R, a particle P 
chases another particle Q that is moving with a uniform speed v on the 
circular path. The chaser P moves with a constant speed u and always 
remains collinear with the centre and the location of the chased Q. 


(a) On which path will P eventually move and how long will it take to 
reach on this path? Consider the cases u < v, u = vandu>v. 

(b) If speeds of the particles are v = 4 m/s and u = 8 m/s and radius of 
the circular path is R = 84 m, how long P will take to reach Q. Use z 
= 22/7. 


An L= 70 m long thin tape wound on a spool of radius rp = 10 mm makes 
a tape roll of outer radius R = 25 mm. A motor used to wound the tape 
rotates the spool at a constant angular velocity and takes T = 165 s to 
complete the winding. Calculate length of the tape, which has been wound 
in t= 110s from the beginning of the winding. 
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AND HINTS | Multiple Choice Questions | Choice Questions 


ANSWERS 

1. (d) 11. (c) 

2. (b) 12. (a) and (d) 
3. (a) and (c) 13. (d) 

4. (d) 14. (c) 

5. (c) 15. (b) 

6. (b) 16. (b) 

7. (b) 17. (a) and (d) 
8. (a) 18. (a), (c) and (d) 
9. (a), (b), (c) and (d) 19. (b) 

10. (6) and (c) 20. (a), (b) and (d) 


Build-up your understanding 


jt 


~~ 


id 


B 


pr 


SU 
2 = 40 km/h 
s+uv, (At, — At, ) 


s(v, —U,) 


= 16 min 
Ua (vo = v) 


S2 


(a) v = L =25 m/s Gii 


t, 1 2 “l 


S2 (t; =i) 
(c) ek). 


The front and the rear cars travel the 
distances s and sı respectively in the interval 
[t;, t2]. The front and the rear cars spend the 
intervals [t;, ta] and [t2, t4] respectively on the 
bridge. 


= 700 m 


> S 
t(l1+2n) 
Here n = 0, 1, 2, 3.... 


=120 km/h, 40 km/h, 24 km/h, ... 


_ 2nv, 

n+l 
Average speed of traffic advancement 
remains constant in the absence of the traffic 


=2 m/s 


2 


21. 
22. 
23. 


24. 
25. 
26. 
27. 


11. 


(a), (b), (c) and (d) 28. (a), (b) and (c) 


(d) 29. (c) 

(a) > p) 30. (b) 

(b) > p) 31. (c) 

(c) > (p) 32. (a) and (c) 
(d) > (Q) 33. (c) 

(d) 34. (a) 

(d) 35. b) 

(d) 

(c) 


signal. The traffic light schedule controls how 
long the traffic keeps on moving and how long it 
remains standstill thus controls the average 
speed of traffic advancement. 


50 m 
2 2 

Al SY e636 
2u U 
U, SÜS 2u,, 
v/(m/s) 

5 

4 

3 

2 

1 

0 1 2 3 4 tlis 

18 


(b) At, -At — At? =0.64 s 
2g( Js =s} +s; a) = 20 m/s 


1.24 


12. 


13. 


14. 


16. 


17. 


18. 


19. 


20. 


heat 


. Position coordinates 


Chapter-1 


The fixed point cannot be on the line of 
motion of the ball. 


(a) +gnt and tgr’ {i(n -i)} 
b) 1.5m (c) 2.0m 


Airtime of each ball must be equal to 
product of number of balls and interval between 
projections of two consecutive balls for the 
successful juggling. 


25 m/s 


(utan 6) 
2g 


Pebbles that strikes the ground at angle 6, 
were thrown horizontally. 


gL 
2 


The ball has been thrown at an angle 45° 
with the horizontal. 


v— ju’ +8Rg 
44 Rg 
Horizontal movement of the gun can affect 
only the horizontal component of velocity of the 
shell but not the vertical component and hence 

the air time. 
Horizontal range is product of horizontal comp- 
onent of velocity and the airtime. 


-1 


cos = 60° 


2 
tan] tang + gT 
2d cos ø 


pau (usino + Ju? sin? 6 + 2gh) =72¢ 
E 


(a) sin” sna | 
fer - gh) 


(b) sin? | -> 
J2(u2 + gh) 


1:2 


u 
: = 2 (7 -kt : 
x ( e ) 


22. 


23. 


24. 


26. 


27. 


. 0.5 8; 


. (vy +03) +02 =50 km/h and 


Velocity components: v, =u,e™ 


E|, u £ 
u, =(u +8 )e E 


Here u, =ucos@ and u, = usin 


Terminal Velocity: downwards. 


Resolve acceleration vector a, =—kv into 
its Cartesian components. 
UCcos@ _ 200 m 
k 
n,(a+b+c)At, h (a+b+c)At, ade 


a+b Cc 


Here n, and ny are the smallest integers satisfy- 


ing the equation n,c =n, (a + b). 
luN  _ 
L(u+v) 
. (a) (ae w) se w eoa 
n +n, n +n, 


l : [5+ 2 +V, bo }- 250 s 


2(v, -v,) (v, +v,)\2 


(a, +a,)(At) 


(u, +u y) 7 
+a) 8 


2(a, 
Both the particles first meet during their 


forward motion and second time they meet in 
their return motion. 


vAtyv? —u? 
u 


=40 m 


2.5V2 m 


atm) = 53° west of north 


The smoke-line will spread in the direction 
of wind velocity relative to the ship. 


Ubiw Ay; = Ay; 


31. = 0.6 m/s 
AY, 
b =f b 
32. ————,, at angle tan” |— | upstream from 
Va’ +b’ a 
the line AB 


33. Point B moves upwards with initial velocity u/2 
and constant downwards acceleration a/2. 


34. va =3 cm/s Î, Ug = 1 cm/s | and uc =5cm/s | 


App 9045 a 
in(ġ-0 
ae e pais 
Icos@ 
36 Ju, +u, — 2u,u, cos 
sin@ 
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—; If u < y2 
2v 
37. = 
v? 
Ll If u>vV2 
38. WN -30 s, parabola 
a 


To realise a change in velocity vector ina 
minimum time with an acceleration of constant 
modulus, in every infinitesimal time interval, 
changes in velocity vectors must be in the same 
direction. Therefore, the acceleration vector 
throughout the process of change in the velocity 
vector must be a constant and in the direction of 
the change in the velocity vector. 


39. uvusin @ 
r 


2 


40. cos? ¥1+3sin2 0 


P 
Both the particles have the same angular 
velocity and particle B has tangential as well as 
centripetal acceleration. 


| Check your understanding | your understanding 


1. In town B for 18.75 minutes 


2 713 
x x 
2 = 5.00 m/s, Vp = T 


Xol 70 


and t = 2041s 


2. Ug = 


3. Tp =7(1-2] = 40.86 s 
c 


V(x-ury +y Jey 


Cc c 


The beginning and the end of the honking 
travel different distances to reach the listener 
with the same speed that is speed of sound, 
therefore they would reach the listener with 
different delays. 


and Tg =T+ =42s 


4. 0.33 m/s? < aay < 0.5 m/s? 


Under the given conditions, sooner the 
particle increases its speed, lesser is the time 
taken by it to cross the segment. 


fsh + g(at)} 
32g (At) 


Both the balls spend equal time in 
downward motion from the top of the cliff to the 
place of their collision, therefore the total time 
spend by the first ball in its downwards and 
upwards motions between the place of the 
collision and the ground must be equal to the 
time interval At. 


=180 m 


gt? +2s __ 
4s 


Average speed of any one-way motion of 
the ball whether upwards or downwards can be 
approximately taken as the average speed for 
the given interval without appreciably sacri- 


8 


1.26 


10. 


11. 


17. 


18. 


19. 


. S= 


Chapter-1 
ficing accuracy. Using this idea, you may find an 
integral or non-integral solution for the number 
of collisions. If you find a non-integral solution, 
the number of collision must be its integral part, 
because the fractional part corresponds to the 
last incomplete trip. 


4s 


The ball must be thrown upwards from a 
certain height above the ground, in addition in 
the last second of its flight, it must be below the 
point of projection. 


(x 1) J +2 
a 2a 


64s 


To simplify calculations you may use 
velocity-time graph exploiting symmetries in its 
shape. 


2 Det : 
d(u” —v’ sin’ 0) (See Pe 
uvyu’ —v’ sin” 0 u 


: 2 42 2 
Ca U cos 7 


Laws of reflection for sound and light are 
the same, in addition, to listen an echo, sound 
reflected from the wall and the biker must 
simultaneously reach at the same point. For 
this, projections of velocities of the sound and 
the biker along the wall must be equal. 


. = f 
12. CE) gee. here t < usme 
sing 
u? 
13. 8 = cos | —— | = 30° 
2gh 
14. 2 
15. Jg(h, +h, +d) =20 m/s 


If the line joining the given points is 
assumed as an inclined plane and the length of 
the line as the maximum range, corresponding 
velocity at the lowest point will be the minimum 
velocity of a projectile for this range. 
TE Pa 
u 2 


x 


0 3 6 9 12 15 18 21 
U, [easels -atil -as amis 
(t —t,) (p, +q) (Pp, +q) 


Product of average speed and time taken 
equals the distance travelled. 


800 m each 


d(v;tuu, —u?) 
Up (Us + Uy) 


For the whole journey, the displacement of 
Josh and that of the fly are the same. 


=21 km 


24 27 30 33 ts 


L- 
21. On the first belt: Uy (| = 30 km/h 
Ura L 
Laut 
On the second belt: u, | —— |= 20 km/h 
u,t—L 


Since s = L, the car must run on both the 
belts in directions same as that of motion of the 
belts. 


22.17 m/s 


an Vinee A 250 
a a 


Ea =t 
24. (a) ult pieta) =75 m 


uti 
2 (tx -ta ) 
To avoid accident, when separation 


between the cars vanishes, speed of the rear car 
cannot exceed that of the front car. 


(b) =5.0m 


2.9 
25. (Eia =144 m 
4b° +a 


The boy must reach all the pedestrians to 
handover the leaflets. It is possible only when 
the advancement of the boy along the road is in 
the direction of motion of the pedestrians. 


2 = =e = 
26. Vga = Upp =4[Ug — UaU =15 mis 


The road of car C is not parallel to the road 
of cars A and B. In addition, projection of 
velocity of the car C on the road of the cars A 


and Bis arithmetic mean of velocities of the cars 
A and B. 


7 2u’ (3 —cos@)(3cos -1) 
gsin’ Ocos@ 


Ja(v? +u* + ha?) 
a 


Since the time interval between two 
events is independent of frame of reference in 
non-relativistic domain, it is better to use a 
frame moving with the initial velocity of the 
honeybee. In this frame, the honey drop appears 
moving with a constant velocity equal in 
magnitude and opposite in direction to that of 
initial velocity of the honeybee and when the 
honeybee is above the honey drop, it appear at 
rest, therefore to minimize time the honeybee 
must move straight towards the honey drop 
with its maximum acceleration. 


27. h 


=0.ls 


29. V Coto =3 m/s 


bu,,,, 
-= = 200 s 


Ubi = Uy 


30. 
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To simplify calculations, you may use a 
reference frame moving with the river current. 
In this frame, the destination point appears 
moving with a constant velocity equal in 
magnitude and opposite in direction to that of 
the river current and the boat appears chasing 
the destination point always heading towards it. 


31. 2:30 A.M. to 3:54 A.M. 
When the ships start communicating with 
each other, a ship relative to the other ship 
appears entering a circle of radius equal to the 
range of communication with centre at the other 
ship. 


: A T cota) =924 m 
o 


33. 


1l+nsin0 

Light pulses emitted from the UFO at two 
different instants travel different distances, 
thus reach the observer with different delays. 
Due to this fact, time intervals between two 
consecutive pulses recorded by the observer will 
differ from that recorded in the UFO. 


re 
dt 


Modulus of change in velocity of the car on 
the circular path in the interval [25 s, 25+ s) is 
equal to the modulus of relative velocity of the 
car at the instant t = 25+ s. Therefore, slope of 
the graph in this interval is equal to the 
modulus of the acceleration of the car on the 
circular path. Similarly you may consider the 
interval (25° s, 25 s]. 


34. 


R 


t=25* 


) = 20 m/s each 


35. 2 X 104 m/s? 


36. afii + (tanos tan’ a)i} 
2 2 


37. (a) (2a) 
v“ -u 
al 2 
(c) 3 d 3V3v 
2 41(1+sin8) 
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| Challenge your understanding | your understanding 


1. Between t= 19.5 s tot= 21s vanishingly small, making path of the particle P 


Try to find the least and the greatest 
speeds satisfying all the three conditions. 

Up 
lsin@ 
ar path 


+a, cot towards the centre of the circul- 


(a) On a circular path of radius “R and after 
U 


3 . R 
a time interval: = 
2u 


Distance of the particle P from the centre 
of the circular path of the particle Q increases 
due to the radial component of velocity of P. In 
addition, this component is continuously 
decreasing, therefore it will eventually become 


a circle. Moreover, since angular velocities of 
both the particles are equal, both of them will 
eventually move on concentric or the same 
circular paths. Radius of the path of P will be 
smaller, equal or greater than R depending on u 
<v, u=vandu>v. 


(b FE inet (2) =lls 
U u 


2 
(Ej 2 
L 


2 2 
R -r 


Rate of increase in volume of the tape 
wound on the roll is equal to the rate of volume 
added from unwound portion of the tape. 


© 


=40 m 
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Ideas of linear momentum, inertia, force, 
inertial and non-inertial reference frames, 
physical and pseudo forces, the three laws 


translational motion, concept of friction 
and resistive forces, laws of dry friction, 
applications of Newton's laws in analysing 


of Newton, applications of these laws in circular and curvilinear 


analysing translational equilibrium and 


dynamics of 
translation. 


BACK TO BASICS 


Linear momentum: 
It is the amount of translational or linear motion of a body. 
Linear momentum p of a body in translational motion is equal to product 
of mass m and velocity vector U of the body. 
p=mü 


Usually the term linear is dropped and we use the term momentum. 


Inertia: 


Inertia of a material body is its tendency to oppose any change in its 
momentum. 


Mass of a body is the measure of its inertia to translational motion. 


Force: 


The concept of force explains mutual interaction between two material 
bodies as the action of one body on another in the form of push or pull. 


“l 


learned very early the 
difference between knowing 
the name of something and 
knowing something.” 


Richard P. Feynman 
(11 May 1918 — I5 February 1988) 


2A 
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A mutual interaction between two bodies, which creates force on one body, 
also creates force on the other body. Force on the body under study is known 
as action and that on the other body is known as reaction. 


The first law: 


Every material body preserves its state of rest or of uniform motion in a 
straight line, unless it is compelled to change that state by external forces 
impressed on it. 


The second law: 


The rate of change in momentum of a body is equal to and occurs in the 
direction of the net applied force. 


A body of mass m in translational motion with velocity v , if acted upon with 


a net external force =F , the second law suggests: 
-~ d 
XF =— (mü 
a ) 


If mass of the body is a constant, the above equation relates acceleration a 
of the body with the net force EF acting on it. 


oF =ma 


The third law: 


The action and reaction originating from a mutual interaction between two 
bodies are equal in magnitude, opposite in direction and identical in kind. 


These laws are fundamental in nature. The first law tells us under what 
conditions there is no net external force, the second law shows how to 
measure a force when it exists and the third law reminds us that a force is 
interaction between two bodies. 


Inertial and non-inertial reference frames: 


A reference frame that is in the state of absolute rest or of uniform motion 
in a straight line is an inertial reference frame and a reference frame that 
is in the state of accelerated motion is a non-inertial reference frame. 


The three laws of Newton are valid only in inertial reference frames. 


Physical and pseudo force: 


A physical force or real force is result of interaction between two bodies, 
whereas a pseudo force is a false force. The idea of pseudo force is used to 
account for the observed acceleration of a body in a non-inertial frame due 
to acceleration of the non-inertial frame. 


Pseudo force on a body equals the product of the mass of the body and 
negative of acceleration vector of the non-inertial frame. 


Translational equilibrium: 


An un-accelerated body is said to be in the state of translational equi- 
librium. 


For a body to be in translational equilibrium, no net force must act on it i.e. 
vector sum of all the forces acting on it must be a null vector. 


ZF =0 


Friction: 

Whenever surfaces in contact and pressing each other slide or tend to slide 
over each other, opposing forces acting tangentially to the surfaces in 
contact are generated. These tangential forces opposing sliding or tendency 
of sliding between the surfaces, are called frictional forces. Frictional forces 
on both the bodies constitute a third law action-reaction pair. 

Frictional force between two solid un-lubricated surfaces is known as dry 
friction or Coulomb friction. 


Static friction: 

When a force of normal reaction N exists between two surfaces, and 
there is tendency of sliding between them, the force of static friction 
fs acts before sliding initiates. It balances the net available force F 
creating the tendency of sliding and can have a value up to a limiting 
value known as limiting friction fsm. 


KFS fo 
The limiting friction is proportional to the normal reaction. 
fom = HN 


The constant of proportionality uw, is known as coefficient of static 
friction. 


Kinetic friction: 


It opposes sliding between the surfaces. When a force of normal re- 
action N exists between the two surfaces that are sliding on each 
other, the force of kinetic friction fẹ acts on a surface opposite to its 
velocity relative to the other surface. Kinetic friction is proportional 
to the normal reaction. 


fe = UN 
The constant of proportionality ux is known as coefficient of kinetic 
friction. 


Dynamics of curvilinear translation and circular motion: 


Components of the net external force towards the centre of curvature of a 
path and along the tangent to the path are known as the normal component 
F, of the force and the tangential force F, respectively. The normal 
component of the force is responsible for change in direction only whereas 
the tangential force is responsible for change in speed only. 

A 2 du 


F, = ma, =” = mæp and F =ma, =m— 
p dt 


Here ø, is the time rate of rotation of the velocity vector. 


In circular motion, normal component of the force is usually called 
centripetal force. 


Newton's Laws of Motion 


2:3 
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e— 
| Multiple Choice Questions | Choice Questions 


1. A bead released from one end of a frictionless rigid wire frame fixed in 
a vertical plane slides periodically on the frame. Size of the bead is 
negligible as compared to the radius of curvature of the turns, which is 
negligible as compared to the length of straight portions of the frame. If 
linear dimensions of the frame are made four times, by what factor will 
frequency of periodic motion of the bead change? 

(a) 4 (b) 2 
(c) 1/4 (d) 1/2 


se 


2. In the setup shown a thread is taut between a nail A on a wall and a 
nail B on an inclined plane as shown in the figure. You can change the 
length of the thread by changing location of the nail B. A bead that can 
slide on the thread without friction is released from the nail A. What 
should the length of the thread be so that the bead reaches the nail B in 
shortest time? 


@)h (b) hcos@ 
(c) hsec(0.56) (d) hcos@sec(0.50) 


F 3. A rope of length l placed straight on a frictionless horizontal floor is 
pulled longitudinally by a force F from one of its ends. Tensile force T 
developed in the rope at a distance x from the rear end varies with x as 
EA E E TEER shown in the graph. What can you certainly conclude about density of 
the rope? 


(a) It is uniform. 

(b) It decreases with distance x from the rear end. 

0 | (c) It increases with distance x from the rear end. 

(d) It is maximum in the middle and decreases towards the ends. 


A B 4. A uniform rope of length 13 m tied on a peg A on a wall passes over a 
frictionless peg B fixed in level with the peg A as shown in the figure. If 
in equilibrium, length of the rope hanging between the pegs is 8 m, the 
angle which the rope makes with the wall at the peg A is closest to 
(a) 30° ORE 
(c) 45° (d) 53° 


5. A uniform rope is tied between a nail A on the wall and a nail B on the 
ground. The rope without touching the ground anywhere assumes a 
curved shape known as “catenary”. Tangents at the ends A and B of this 
catenary make angles g and £ with the vertical respectively. Which of 
the following conclusions can you make? 


(a) Horizontal component of the tensile force in the rope is uniform. 
(b) Vertical component of the tensile force increases with height. 
(c) Angle a can be greater than angle £. 

(d) Angle a cannot assume a value of 0°. 


Newton's Laws of Motion 2.5 


6. A light inextensible string of length 15 m is hanging between two pegs Soma 


that are 9 m horizontally apart as shown. A small frictionless pulley of 
weight W, = 4.8 N supporting a block of weight W, = 8.0 N is gently 
placed on the string and allowed to move gradually to a place on the 
string, where it can stay in equilibrium. Radius of the pulley-wheel is 


negligible as compared to the length of the string. Which of the following 
conclusions can you make when the pulley is in equilibrium? 


(a) Level difference of the pegs is 4.0 m. Pulley suppor- P 
(b) Tensile force in the string depends on the level difference of the pegs. tnig the plock 
(c) Tensile force in the string is 8.0 N irrespective of the level difference 

of the pegs. 
(d) Lengths of string segments on left and right sides of the pulley are 

10 m and 5.0 m respectively. 


7. A small metal ball is being pulled gradually on a fixed frictionless 


hemisphere as shown in the figure. Radii of the ball and that of the 
pulley are much smaller than that of the hemisphere. As the ball slides 
from the bottom to a position close to the top of the hemisphere, how do 
the magnitudes of pulling force F and contact force R between the ball 
and the hemisphere change? 

(a) F increases and R decreases. 

(b) F decreases and R increases. 


(c) F decreases and R remains unchanged. 
(d) F remains unchanged and R decreases. 


PG 


8. A block is suspended from a uniform rope that passes through two ideal 
pulleys. The other end of the rope is tied to a fixed support as shown in 
the figure. If the pulleys are pulled vertically with forces F; = 110 N and 
F, = 90 N, the system stays at rest. Assuming linear mass density of the 
rope 0.25 kg/m and the acceleration of free fall 10 m/s?, find the length 
of the rope. Pulleys are not small. 

(a)4m (6)6m 
(c) 8m (d) Insufficient information. 


9. Two blocks A and B of masses 3 kg and 6 kg respectively are suspended 
at the ends of a light inextensible cord. The cord passes over an ideal 
pulley P fixed to the ceiling. Ends of another light inextensible cord are 
attached at the bottoms of the blocks. This cord supports another ideal 
pulley Q from which a block C of mass 4 kg is suspended as shown in 
the figure. Initially the system is held motionless and then released. 
Which of the following conclusions can you make? Acceleration due to 
gravity is 10 m/s?. 


(a) All the blocks remain motionless. 

(b) Acceleration magnitudes of blocks A and B is 10/3 m/s? while C 
remains motionless. 

(c) Tensile forces in the upper and the lower cords are 40 N and 20 N 
respectively. 

(d) Tensile forces in the upper and the lower cords are 60 N and 20 N 
respectively. 
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Tomo 


Figure-1 
Mh 


Figure-2 


n 


Figure-3 


10. 


12. 


13. 


14. 


In the setup shown, the string is inextensible and light, there is no 

friction at the axles of the pulleys but friction between the string and 

the pulley wheels is sufficient to prevent slipping. All the pulleys are 

light except the pulley P, which has whole of its mass m concentrated in 

its axle. Initially the block B of mass M is on the ground and the block 

A is held at rest. How much minimum mass should the block A have, so 

that after releasing it, the block B starts rising? 

(a) 0.5M (6) 0.5M—-m 

(c) Whatever mass the block A has, the block B will not rise. 

(d) Pulley P moves downwards without rotation of its wheel while 
wheels of all the other pulleys rotate. 


. A light inextensible cord supporting two identical loads at its ends 


passes over two ideal small pulleys fixed to a horizontal ceiling. If the 
midpoint of the cord between the pulleys is gradually pulled downwards, 
the pulling force F varies with displacement x of the midpoint according 
to the following graph. Acceleration of free fall is 10 m/s2. The distance 
between the pulleys is closest to 


FIN $ 
10 
5 
5 10 15 20 25 30x/m 
(a)5m (6) 10m 
(c) 15m (d) 20 m 


Consider three identical massless springs. The left ends of the first, 
second and the third springs are affixed to a wall, to a block of mass m 
placed on a horizontal floor (not frictionless) and to a block of mass m 
placed on a horizontal frictionless floor respectively as shown in the 
figures. The right end of each spring is pulled by a gradually increasing 
force. When magnitude of the force becomes F, extensions in these 
springs become xj, x2 and x3 respectively. Which of the following state- 
ments is correct? 


(a) x, =x, =X, a 


(c) % SX, =e, (2): =85 52, 


Length of a one-metre long uniform spring of mass 50.0 g increases 
by 2.00 cm due to its own weight, if it is suspended from a fixed support. 
How much load should be suspended from the lower end of this spring, 
so that total extension becomes 10.0 cm. 

(a) 100 g (b) 125 ¢ 

(c) 200 g (d) Insufficient information 


A light uniform spring is tied between the ceiling and the floor keeping 
the spring vertical as shown in the figure. A bead of finite mass is glued 
at a distance / from the upper end of the spring and then allowed to 
move gradually downwards. The bead shifts a distance y to come in 
equilibrium. This experiment is repeated for different values of l. Which 
of the following graph shows the best dependence of y on /? 


15. 


16. 


17. 
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A light spring of force constant 1.00 N/cm is stretched between two fixed A 


i 
0.4m 


supports A and B. A point P on the spring is pulled parallel to the spring 
towards the support B by a gradually increasing force. When this force 
becomes 5.00 N, what is magnitude of displacement of the point P? 


(a) 8.00 mm (b) 22.2 mm 
(c) 40.0 mm (d) Relaxed length of the spring is 
required. 


Three rubber cords, each of force constant k are joined with each other 
at one of their ends. The free ends of the cords are pulled maintaining 
them always in a plane. For a particular set of pulling forces an 
arrangement shown in the figure-I is obtained and for another set of 
pulling of forces arrangement shown in the figure-II is obtained. In the 
arrangement of figure-I, extended length of each cord is Lı; and in the 
arrangement of figure-II, extended lengths of each cord is Ls > Ly. 


C 
A o 
= A 135 
120° £ 90° 
120 
Figure-I B Figure - II B 


With the help of the given information, check validity of the following 
statements. 

(Qj l =l <l and k, =k, < ko 

(b) lL, =l <i, and either k, =k, >k, or k, = kp < ko 

OL =h <l if k, =k > ks or 4 =h > lo if k, = kg < ke 

(qa) 1, <l <le if k, > kg > ko or L >l >lo 1f ky < kp <ko 


Two blocks A and B each of mass m are connected by an ideal string that 
passes over two fixed ideal pulleys. The blocks are also connected with 
the ground by springs of force constants kı and kə (kı > kz). When both 
the springs are relaxed, the block A is pulled down a distance x and 
released. Acceleration magnitudes of the blocks A and B immediately 
after the release are a, and ag respectively. Mark the correct options. 


(a) a, > a2 (b) a, <a 
(c) aı > az if ky > ka + 2mglx (d) a, = az if kı < ka + 2mg/x 


kı 


0.1m 


2m 


B 
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18. Three identical balls A, B and C each of mass m connected by three 
identical springs when placed on a frictionless horizontal floor occupy 
corners of an equilateral triangle as shown in the figure. This assembly 
is suspended by attaching the ball A to the ceiling with the help of a 
light thread. What can you predict regarding accelerations of the balls 
immediately after the thread is cut? Acceleration of free fall is g. 


(a) All the balls will have downward acceleration g. 

(b) All the balls have acceleration greater than g in different directions. 

(c) Acceleration of the upper ball is 3g downwards and the accelerations 
of the lower balls are vanishingly small. 

(d) Acceleration of the upper ball is 3g downwards and the lower balls 
move apart with finite accelerations. 


19. In the setup shown, the pulleys, the cords and the spring are ideal and 
masses of the loads are indicated in the figure. Initially the system is in 
equilibrium. What should be the range of mass M so that acceleration of 
the load of mass 2m becomes greater than acceleration of free fall 
immediately after the cord is cut at point P? 

(a) M > 4m (b) M > 6m 
(c) M> 8m (da) M> 14m 


20. While a block is sliding on a horizontal floor, a constant horizontal force 
is applied on it opposite to its direction of motion. Which of the following 
can be a correct velocity-time graph for the ensuing motion of the block? 


$ Velocity + Velocity 

(a) Time (b) = 
i Velocity $ Velocity 

() Time (a) Time 


21. A rod is inserted between two identical blocks A and B placed close to 
each other on a horizontal floor, which is not frictionless. If the upper 
end of the rod is pulled horizontally by a gradually increasing force F, 
which of the blocks will start sliding first? 

(a) Block A 

(b) Block B 

(c) Both will start sliding simultaneously. 

(d) It is a matter of chance and hence either one may start sliding first. 


22. A force of 20 N along the line of the greatest slope is required to slide a 
A N ay block upwards with constant speed and a force of 8 N along the line of 
A the greatest slope is required to slide the block downwards with 
constant speed on an inclined plane. The force of kinetic friction between 
the block and the plane is 


23. 


26. 


27. 


(a)8N (b) 12 N 
(c) 14N (d) None of these 


A block of mass 5 kg rests on a horizontal floor. When a constant 
horizontal force is applied on the block for a time interval 5 s, the block 
slides on the floor a distance 5 m under the action of the force and after 
the removal of the force, it further slides a distance 1 m before coming 
to a stop. Acceleration due to gravity is 10 m/s?. 

(a) Magnitude of the applied force is 12 N. 

(b) The maximum speed acquired by the block is 2 m/s. 

(c) Coefficient of friction between the block and the floor is 0.2. 

(d) The block continues to move for 1 s after the removal of the force. 


. Near a station, a train is retarding at 2.0 m/s? to stop. When its speed is 


36 km/h a passenger standing in the corridor of a bogie, puts his suitcase 
on the floor. The floor was a little bit slippery so the suitcase began to 
slide and finally stopped in the train after sliding 12 m on the floor 
relative to the train. According to this situation, which of the following 
statements are correct? 


(a) The train stopped before the suitcase stopped sliding. 

(b) Speed of the suitcase relative to the bogie decreases monotonically. 

(c) Speed of the suitcase relative to the bogie first increases then 
decreases. 

(d) Coefficient of friction between the suitcase and the floor of the bogie 
is close to 0.135. 


. A block rests on a long plank that is moving with a constant velocity 2.0 


m/s on a horizontal floor. Coefficient of friction between the block and 
the plank is 0.10. If the plank starts decelerating uniformly and stops 
in 0.50 s, what is the distance slid by the block on the plank? 
Acceleration of free fall is 10 m/s?. 


(a) 0.50 m (b) 0.75 m 
(c) 1.0 m (d)1.5 m 


A pair of scissors is used to cut a wire of circular cross section held 
vertically. To reduce required force the wire must be placed close to the 
hinge; but if it is placed close to the hinge, it slides away from the hinge 
until the angle between the blades becomes @. Find the coefficient of 
friction between the blades and the wire. 


(a) cot (0.50) (b) tan (0.50) 
(c) 0.5tan0 (d) Insufficient information 


A homogeneous bar of mass m is released from rest on a fixed inclined 
plane of inclination @ above the horizontal as shown. The upper part of 
the plane shown in dark grey is not frictionless and the lower part shown 
in light grey is frictionless. Coefficient of friction between the bar and 
the upper part of the plane is u. What will be the maximum tensile force 
in the bar while it is sliding on the plane? Acceleration of free fall is g. 


(a) Zero (b) 0.25umg cosé 
(c) 0.5umg cos 0 (d) umg cos 
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28. 


29. 


31. 


Two balls of equal volume and masses m, and mz (m > mı) connected 
with a thin light thread are dropped from a certain height. Viscous drag 
of air on a ball depends on its velocity and buoyant force is equal to the 
weight of air displaced by the ball. When the balls acquire a uniform 
velocity after a sufficient time from the instant they were dropped, what 
is the tensile force in the thread? Acceleration due to gravity is g. 


(a) Zero (b) (mz —m1) g 
(c) 0.5(mz + mı) g (d) 0.5(mz —m)) g 


A block of mass 1.0 kg is given an initial velocity 20 m/s by a sharp hit 
on a horizontal floor lubricated with oil. The block moves in a straight 
line and stops due to viscous drag of the oil film. How the force F of 
viscous drag varies with velocity v of the block is shown in the following 
graph for a velocity interval [14 m/s, 0.0 m/s]. However, the experiment- 
er forgot to label the ordinate. 

FIN‘ 
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After an instant, when the block was moving with 8 m/s, it slides 20 m 
and stops. How far does the block slide from the beginning to the instant 
it stops sliding? 

(a) 50 m (b) 75 m 

(c) 100 m (d) More information is required. 


. A massive bead is threaded on a long light rod, one end of which is 


pivoted to a fixed point O. Initially, the rod is held horizontally and the 
bead is at a distance l from the pivot. Coefficient of friction between the 
rod and the bead is u. Which of the following statements correctly 
describe relation between angle that the rod makes with the horizontal 
after the rod is released and time t? 


2 
(a) If wis negligible, 0 > tan™ (£) ‘ 


2 
(b) If wis finite, @ > tan™ (=) . 


2 
(c) If wis finite, Ois smaller than tan™ gt by a finite amount. 
j 2l 


(d) None of the above statements is correct. 


A ball dropped from a high altitude acquires a terminal velocity before 
hitting the ground, where it bounces off elastically. If air resistance 
depends on the speed of the ball, what will its acceleration be 
immediately after the first bounce? 


(a) Zero gl 
(c) 2g | (d) 3g | 


32. 


33. 


34. 


36. 


37. 


In the setup shown, blocks of masses 3m and 2m are placed on a 
frictionless horizontal ground and the free end P of the thread is being 
pulled by a constant force F. Find acceleration of the free end P. 

(a) FI(5m) (b) 2FIm 

(c) 3Flm (d) 5Fim 


A small block is sliding on a frictionless inclined plane that is moving 
upward with a constant acceleration. If the block remains at a level 
height, what is the acceleration of the inclined plane? Acceleration due 
to gravity is g. 

(a) gtand (b) gcotd@ 

(c) gsin’@ (d) gtan’@ 


In the arrangement shown, the springs are light and have stiffness kı 
=100 N/m and kə = 200 N/m and the pulleys are ideal. An 8.0 kg block 
suspended from the lower pulley is initially held at rest maintaining the 
strings straight and springs relaxed. Now the force supporting the block 
is gradually reduced to zero. How far does the block descend during the 
process of reduction of the force? Acceleration due to gravity is 10 m/s?. 
(a) 10 cm (b) 15 cm 

(c) 1.6m (d) None of these 


. In the setup shown, a block is placed on a frictionless floor, the cords 


and pulleys are ideal and each spring has stiffness k. The block is pulled 
away from the wall. How far will the block shift, while the pulling force 
is increased gradually from zero to a value F? 


2F 10F 
(a) Ek (b) “3k 
8F 10F 
(c) Ək (d) Oh 


A large parking place has uniform slope of angle 6 with the horizontal. 
A driver wishes to drive his car in a circle of radius R, at constant speed. 
Coefficient of static friction between the tyres and the ground is u. What 
greatest speed can the driver achieve without slipping? Assume entire 
load of the car on the front wheels. 


(a) gRtand (b) ¥gRcoté 


(c) J gR(sin 0 + wcos0) (d) J gR(ucos 6 - sin 8) 


Consider a circular turn on a highway, where angle of banking is more 
than angle of repose. A car on this turn can move with a constant speed 
Vo without help of friction. Taking advantage of friction, it can achieve 
a maximum speed Vmax but cannot reduce its speed lower than a 
minimum speed Umin. Which of the following conclusions can you draw 
from the given information? 
(a) Vo < 0.5(Umax + Umin) 

(c) Vo > 0.5(Umax + Umin) 


(b) vo = 0.5(Umax + Umin) 
(d) It depends on coefficient of static 
friction. 
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38. 


39. 


40. 


41. 


A car is moving with speed 108 km/h on a large uniform horizontal 
pavement perpendicularly towards a wall. To avoid collision, the driver 
takes a turn and finally runs the car parallel to the wall with the same 
speed. Coefficient of friction between the tyres and the pavement is 0.6, 
acceleration of free fall is 10 m/s? and all the load of the car is 
concentrated on the front axle. If the turning process is the fastest one 
on this pavement, check validity of the following statements. 


(a) The car follows a circular path during the turn. 

(b) The car follows a parabolic path during the turn. 

(c) Minimum radius of curvature of the path is 75 m. 

(d) Initial distance of the wall must be greater than 75V2 m. 


A dumbbell is constructed by fixing small identical balls at the ends of 
a light rod of length l. The dumbbell stands vertically in the corner 
formed by a frictionless wall and frictionless floor. After the bottom end 
is slightly pushed towards the right, the dumbbell begins to slide. Value 
of which of the following quantities vanish, when the upper ball is 
leaving the wall. 


(a) Tensile force in the rod 

(b) Acceleration of the lower ball 

(c) Acceleration of the upper ball 

(d) Normal reaction from floor on the lower ball 


A particle is moving with constant angular velocity on a circular path of 
radius R in the x-y plane. If observed from a reference frame moving 
with constant velocity along the z-axis, the particle will appear moving 
on a helical path of constant pitch h. Making use of the given 
information, what expression can be deduced for radius of curvature of 
the helical path. 


| h? h’ 
(a) Rta (b) At ap 
C) JR? +h? 


(d) Cannot be calculated from the given information. 


Imagine that mass, which governs acceleration of the bodies and their 
mutual gravitational interaction, might sometimes be negative. Two 
particles A and B of masses m, and m» are initially at rest some distance 
apart in free space relative to an inertial frame. What would happen 
after they are released? 


The masses Observation 

(a)m, <0 and mz <0 (p) They move towards each other. 

(b) m, > 0, ms < 0 and (q) They move away from each other. 
[mi | = |me| 

(c)m,>0, mə < 0 and (r) Eventually B will escape away from A. 
|m: | > |mə| 

(d) m, <0, mz > 0 and (s) B follows A and finally collides with A. 
|m | > |m2l] 


(t) B follows A with a constant separation. 


42. 


43. 


44. 


45. 


46. 


47. 
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Questions 42 to 44 are based on the following physical situation. 


A horizontal conveyor belt is running at a constant speed vp = 3.0 m/s. y Up 
A small disc enters the belt moving horizontally with a velocity vo = 4.0 i 
m/s that is perpendicular to the velocity of the belt. Coefficient of friction 7 
between the disc and the belt is 0.50. x 
What can you predict regarding the path of the disc? 

(a) It is a parabola relative the belt. 

(b) It is a straight line relative to the belt. 

(c) It is a parabola relative to the ground. 

(d) It is a straight line relative to the ground. 

What should the minimum width of the belt be so that the disc always 

remains on the belt? 

(a) 0.9 m (6) 1.6m 

(c) 2.0m (d) 2.5 m 

What is the minimum speed of the disc relative to the ground? 

(a) 0.0 m/s (b) 1.8 m/s 

(c) 2.4 m/s (d) 3.0 m/s 

Questions 45 to 47 are based on the following physical situation. 

Lower end of a uniform inextensible rope of mass 2 kg and length 4 m is 

attached to a block of mass 7.5 kg placed on a horizontal floor. 
Coefficient of friction between the block and the floor is 0.5. The upper 
end of the rope is held 2 m above the lower end so that the tangent at 2m 


the lower end remains horizontal as shown in the figure. In this 
situation, the block stays standstill on the floor. Acceleration due to 
gravity is 10 m/s?. 


The upper end must be pulled at an angle that is closest to 
(a) 60° above the horizontal (b) 53° above the horizontal 
(c) 45° above the horizontal (d) Insufficient information 
Frictional force between the block and the floor is closest to 
(a) 15N (b) 20 N 

(c) 30 N (d) 37.5 N 


The upper end of the rope is now slowly shifted downwards and 
simultaneously away from the block maintaining the tangent at lower 
end horizontal. When the block begins sliding, at what height above the 
lower end is the upper end? 


(a) 0.5 m (b) 0.75 m 
(c) 1.0m (d)1.5m 


Questions 48 to 50 are based on the following physical situation. 


Velocity-time relation of a four-wheel drive car running without any 
gearshift on a straight level road is shown in the following graph. The 
engine is running at constant throttle and the wheels are maintained 
always at the verge of slipping. Air drag on the car depends on its speed; 
therefore, it can be neglected for initial few seconds. The graph can 
satisfactorily be treated as a straight line in every 10 s interval. 
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48. 


49. 
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The driver shifts gears once after acquiring some speed. Gear shifting 
requires a period of 0.5 s, during which the engine remains declutched 
so that the car decelerates due to air drag. After the gearshift, clutches 
are released and the car follows the same velocity profile as shown in 
the graph with a delay of 1.0 s. Therefore, the car acquires the final 
velocity 1.0 s later than that acquired without a gearshift. Acceleration 
of free fall is 10 m/s?. 


Coefficient of friction between the tyres and the road is closest to 
(a) 0.04 (b) 0.05 
(c) 0.10 (d) 0.20 


Minimum time after the car starts, when the gear was shifted is closest 
to 

(a) 10s (b) 25s 

(c) 30s (d) 35 s 


50. Due to gearshift, how much lesser distance does the car cover during the 
first 100 s, as compared to the case of no gearshift? 
(a) 12.5 m (6) 15m 
(c) 18m (d) 30 m 

Build-up your understanding e j 


1. 


Under simultaneous action of two forces, a stationary particle starts 


moving parallel to a vector i- j. If one of the force is (aî - j - k) N and 
the other has smallest possible magnitude, find the other force. 


Two small discs A and B of masses 1 kg and 2 kg are connected by a 
light cord that is connected at its midpoint to another light cord. This 
assembly is placed on a frictionless horizontal floor in such a way that 
the segments of the cord connecting the disc and the new cord remain 
straight making angles of 90°, 120° and 150°. For this description, 
following four arrangements are suggested. 


The free end P of the new cord is pulled by a 10 N force and both the 
discs begin to move with accelerations of equal magnitudes. 


(a) Which of the above arrangements satisfy the given condition? 
(b) What is the magnitude of the acceleration? 


A light and inextensible string of length / = 20 m tied between two nails, 
supports a frictionless pulley of weight W, = 10V2 N from which a block 
of weight W, = 10V2 N is also suspended as shown in the figure. The 
nails are fixed in a level a distance x = 10V2 m apart. Radius of the pulley 
is r= 10 cm. How much normal reaction per unit of its length does the 
string apply on the pulley? 


Two identical elastic cords of negligible relaxed lengths are tied at one 
of their ends to fixed nails A and B that are equidistant from the origin 
O. The other ends of the strings are tied to a small ball. To hold the ball 
in equilibrium at a point P (4 m, 3 m), a force of magnitude F = 1000 N 
is required. Assuming free space conditions, find force constant of the 
cords? 


A wide container filled with water is suspended with the help of a light 
spring of stiffness 1000 N/m, a light inextensible cord and an ideal 
pulley. Initially, when the system is in equilibrium, the plug inserted in 
an orifice at the centre of the bottom of the container is pulled out. The 
extension in the spring is recorded and shown in the adjoining graph. 
Find the time rate of flow of water from the orifice. 


x/em 
3.0 


2.0 


1.0 


0.05 10 20 30 ¢/min 


Two light discs A and B are attached at the ends of a spring of force 
constant 100 N/m. The assembly is placed on a rubber pad C, which is 
placed on the floor. When a load D is placed on the disc A, the disc shifts 
downwards and stays there in equilibrium simultaneously the rubber 
pad is compressed and the disc B shifts downwards by a distance x. The 
restoring force F of the rubber pad varies with its compression x 
according to the given graph. Acceleration due to gravity is 10 m/s2. Find 
mass of the load, so that when equilibrium is established, the disc A 
shifts 10 cm downwards. 
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Two identical springs each of force constant k = 10 N/m are attached at 
the midpoint of the bottom of an inertia-less cup, one from the inside 
and the other from the outside. Free ends A and B of the springs are 
held maintaining the springs vertical. The ends A and B of the springs 
are made to move simultaneously with constant velocities va = 10.0 cm/s 
upwards and vz = 8.0 cm/s downwards respectively. The moment when 
the ends start moving, the cup starts collecting water at the rate r = 1.0 
g/s from a hose with a negligible velocity relative to the cup. Find 
velocity of the cup. Acceleration due to gravity is g = 10 m/s2. 


An assembly placed on a frictionless floor, consists of two light bars A 
and B, four light springs and a block C of mass m. Stiffness of each 
springs is shown in the figure. Initially all the springs are relaxed and 
the bars are parallel to each other. The bar A is pulled from its midpoint 
towards the right by a force that increases gradually from zero. When 
the block acquires an acceleration a, by what amount will the separation 
between the bars increase? 


L Al a J 
A ia : ‘ bo (op : ] mo Vi 
J : J P J 


A uniform massless spring if extended or compressed, distance between 
every two consecutive turns (pitch) changes by the same amount. A 
spring obeying this property and Hooke’s law is called a linear spring. 


(a) A linear spring of relaxed length lo = 30 cm is attached at one end to 
a wall. If the other end is pulled away from the wall with a force F 
= 60 N, p = 6 turn from the wall reaches a position, where q = 8* turn 
of relaxed spring was. Find force constant of the spring. 

(b) The ends A and B of a linear spring of relaxed length lo are so pulled 
that the ends shift by distances Al, = 5 cm and Alg = 25 cm as shown 
in the figure. Find shift of a point of the spring that was at a distance 
lo/n (n = 8) from the end A in relaxed spring. 


Three segments cut from a long elastic light cord are knotted at point P. 
The other ends of the cords are attached to the ceiling so that all the 
segments are in a vertical plane and angles between the outer and the 
middle segments each being 8 as shown in the figure. A load of mass m 
is suspended from the knot P. If extensions in the cords are negligible 
as compared to their relaxed lengths, find the tensile force T developed 
in the middle cord. Acceleration due to gravity is g. 


. A light elastic cord is tied between two nails in the same level 100 cm 


apart. Distance between the nails is equal to the relaxed length of the 
cord. A bead is glued somewhere on the cord and then released. When 
equilibrium is established, elongated sections of the cord make angles 
37° and 53° with the horizontal. At what distance from the left nail was 
the bead glued? 


12. 


13. 


14. 


16. 


18. 


19. 


The system shown in the figure is in equilibrium. The blocks A, B and C 
are of equal masses, the inclined face is frictionless, the pulleys are light 
and frictionless, the thread is light and inextensible, the springs are 
light and the blocks B and C are connected to the axles of the respective 
pulleys by rigid links. Find accelerations of the blocks A, B and C, 
immediately after 


(a) the thread is cut at point P. (b) the spring S is cut. 


A light frictionless pulley is suspended with the help of a light spring. 
One end P of a light inextensible thread that passes over the pulley is 
free and the other end is tied to another light spring that is affixed to 
the ground at its lower end as shown in the figure. Stiffness of both the 
springs is k = 500 N/m. The free end P is h = 10.0 cm above the 
ground. What minimum pull at the end P will bring it to the ground? 


In the system shown, initially the block A of mass m is hanging at rest 
and the block B of mass 2m is on the ground. The pulleys have negligible 
masses and negligible friction, and the thread is extremely light and 
almost inextensible. Acceleration due to gravity is g. The free end of the 
thread is pulled upwards with a constant force. When it acquires a 
speed v, find speeds of both the blocks. 


. In the system shown, thread is inextensible, masses of the thread and 


that of the pulleys are negligible as compared to the loads to be lifted 
and friction at the axles of the pulleys is absent. Masses of the loads are 
mı = 1.0 kg and mz = 2.0 kg. Acceleration of free fall is g = 10 m/s2. If 
axle of the pulley A is pulled upwards with a force F = 20 N, how much 
acceleration will it acquire? 


The system shown in the figure consists of four blocks A, B, C and D of 
masses m, 2m, 2m and 4m respectively. The threads are inextensible, 
masses of the threads and the pulleys are negligible, and friction is 
absent at the axles of the pulleys. Initially the system is held motionless. 
Find accelerations of all the blocks after the system is set free. 
Acceleration of free fall is g. 


. An arrangement setup inside a lift is shown in the figure. The pulleys 


and threads are ideal and masses of the blocks are m and M (M > 2m). 
Find minimum acceleration of the lift for which the thread remains taut 
and both the blocks accelerate in the same direction relative to the 
ground. Acceleration due to gravity is g. 


In the system shown, the blocks A, B and C are of equal mass, the 
pulleys are ideal and the cord is light and inextensible. There is no 
friction between the blocks B and C as well as between the horizontal 
floor and the block C. If the system is set free, find acceleration vectors 
of all the blocks. Acceleration of free fall is g = 10 m/s?. 


In the given arrangement, masses of the blocks A, B, C and D are M,, 
Mz, mı and mz respectively, pulleys are ideal and cords are light and 
inextensible. There is no friction between any pair of surfaces in contact. 
If the system is set free, find x-components of accelerations of all the 
blocks. Acceleration of free fall is g = 10 m/s2. 
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A ball of mass m is suspended from a bar of mass M with a light 
inextensible cord. The bar can slide on a frictionless slope of inclination 
8. Initially the bar is held motionless so that the ball also stays 
motionless as shown in the figure. Find accelerations of the bar and of 
the ball relative to the ground immediately after the bar is released. 
Acceleration due to gravity is g. 


. In the setup shown, magnitude of the force F exerted on the block A is 


so adjusted that the block B and the ball C remain motionless relative 
to the block A without contact between A and C. All surfaces in contact 
are frictionless. Masses of these bodies are ma = 12 kg, mp = 5 kg and 
mc = 3 kg respectively. Acceleration of free fall is g = 10 m/s2. Find 
expression for the necessary force F. 


. A block of mass m placed on a wedge of mass M is attached at one end 


of a light inextensible cord that passes over an ideal pulley affixed on 
the top of the wedge as shown in the figure. The free end of the thread 
is pulled by a constant horizontal force F. If friction between the block 
and the wedge as well as between the wedge and the floor is absent, find 
acceleration of the wedge. Acceleration due to gravity is g. 


. In the system shown, blocks A and B of masses m; and məs (mz > mı) 


are placed on the frictionless inclined surfaces of a triangular wedge of 
mass my. The blocks are connected by a light inextensible cord that 
passes over an ideal pulley affixed at the top of the wedge. The wedge is 
placed on a horizontal frictionless floor. Initially the system is held 
motionless and then set free. Find acceleration of the wedge. 
Acceleration due to gravity is g. 


Top of a wedge made of a very light material has two frictionless inclined 
planes. A block of mass m is placed at the bottom of the inclined planes 
and another block of mass M is held motionless at the top of one of the 
inclined planes as shown in the figure. Find range of values of m in 
terms of M and the angle of inclination 8 so that when the upper block 
is released, the lower block starts sliding up the wedge. 


A rigid triangular frame ABC made of a thin rod is fixed in a vertical 
plane. Angles between the rod segments at the corner B and C are 74° 
and 55° respectively. A small bead starting from rest from corner A takes 
equal time to slide down the arms AB and AC. There is no friction 
between the bead and the arms. Find angle @, which the arm BC makes 
with the horizontal. 


To drag a block up an inclined plane with a constant speed, a force Fi 
has to be applied along the line of fastest descent, whereas to drag the 
block down the plane with a constant speed, a force F has to be applied 
along the line of fastest descent as shown in the following figure. Find 


the minimum horizontal force F parallel to the plane required to slide 
the block. 


27. 


30. 


31. 


33. 


A small block is kept on an inclined plane of adjustable inclination. 
Coefficients of static and kinetic frictions between the block and the 
plane are uw, and uy respectively. The angle of inclination of the plane is 
gradually increased from zero until the block starts sliding. How much 
speed will the block acquire in sliding down a distance /? Acceleration 
due to gravity is g. 


. One end of a spring of stiffness k is attached to a nail O on an inclined 


plane and the other end to a small disc of mass m placed on the inclined 
plane. Inclination of the plane with the horizontal is a and coefficient of 
friction between the disc and the plane is slightly less than tana. Find 
suitable expression for deformation Ar in the spring when the disc is in 
equilibrium at an angular position @ from the line of greatest slope as 
shown in the figure. Acceleration due to gravity is g. 


. A catapult placed on horizontal ground can launch blocks at angle 0 


above the horizontal with the help of a spring as shown in the figure. 
Mass of a block to be launched is m, mass of the catapult is much smaller 
than m, the maximum force F of the spring on the block is much greater 
than the gravitation pull of the earth on the block and coefficient of 
friction between the catapult and the ground is u. How much maximum 
horizontal acceleration can the block be imparted by the catapult? 


A light block P on a horizontal tabletop placed equidistant from the 
pulleys supports a load with the help of a cord as shown in the figure. If 
the minimum and the maximum forces applied by hand to keep the 
system in equilibrium are F'min = 40 N and Fmax = 90 N, calculate mass 
m of the load. Acceleration due to gravity g = 10 m/s?. 


A block given a velocity u on horizontal ground (not frictionless) is 
observed a distance s away a time 7 later. Find coefficient of kinetic 
friction between the floor and the block. Acceleration of free fall is g. 


. A block of mass m made of chalk is projected with velocity u along a 


horizontal floor. Coefficient of friction between the block and the floor is 
u. If due to wear, mass of the block decreases at a constant rate r (a unit 
of mass in every unit of distance travelled), find expression for total 
distance travelled by the block. Acceleration due to gravity is g. 


A block of mass m = 5.0 kg is sliding eastwards on a horizontal floor. 
When its velocity is u = 8.0 m/s, in addition to frictional force from the 
floor a westward force F starts acting on it. Magnitude of this force 
varies with time according to equation F = kt, where k = 5.0 N/s and t is 
time in seconds. Coefficient of friction between the block and the floor is 
u= 0.3. Draw a graph to show how the frictional force f on the block 
varies with time. Acceleration of free fall is g = 10 m/s?. 
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aera 34. A boy lifts a stack of several identical books pressing hard with his 

hands. Coefficient of static friction between hand and a book is “yp = 

0.40, between the books is 4% = 0.25 and mass of a book is m = 400 g. 

E Now the boy starts decreasing the pressure gradually. When the hori- 
zontal component of the force applied by the boy becomes F = 120 N, the 
books are about to fall. Acceleration of free fall is g = 10 m/s2. 


T 
EEJ 
so 
EE) 
EE) 
so 
EEJ 
EEJ 
so 
EEJ 
EEJ 
EEJ 
EEJ 
EEJ 
EEJ 
T 


(a)How many books are there in the stack? 
(b) Find frictional force between the third and the fourth book. 


ma] 35. A large plank of mass M is moving with a velocity u on a horizontal 
T u frictionless floor. A block of mass m is gently placed on the plank without 
| ~“ |> any velocity. If the block slides a distance / on the plank before it stops 


sliding, find coefficient of friction between the block and the plank. 


36. In the setup shown, blocks A and B of masses 4.0 kg and 1.0 kg are 
placed on a platform P of mass 1.0 kg that is placed on a horizontal 
P frictionless floor. The blocks are connected by a light inextensible string 
that passes round an ideal pulley. Coefficients of static and kinetic frict- 
ion between the blocks and the platform are 0.16 and 0.10. On applying 
a horizontal force F on the pulley, acceleration of the platform becomes 
2.0 m/s2. Find magnitude of the force F, frictional forces on the blocks 
and their accelerations. Acceleration due to gravity is 10 m/s2. 


37. In the given setup, a bar B is sandwiched between bars A and C that are 
connected by a light inextensible thread, which passes round an ideal 
pulley. Mass of each bar is m, coefficient of friction between the bars is 
u and the floor is frictionless. Acceleration due to gravity is g. If a hori- 
zontal force Fis applied on the pulley, find acceleration of the bar B. 


38. On a horizontal frictionless floor, a block A of mass m rests on another 
stationary block B of mass M (m < M) with a thin paper sheet of negli- 
gible mass inserted between them. The paper sheet is wide enough to 
prevent direct contact between the blocks. Coefficient of friction between 
each block and the paper sheet is u. Find necessary horizontal force F 
applied on the paper sheet as shown in the figure to fulfil the following 
conditions. Acceleration due to gravity is g. 


(a) The block B does not slide relative to the paper sheet. 
(b) The paper sheet slides relative to B but does not slide relative to A. 


7 39. A bar AB and a block P are placed on a frictionless horizontal floor with 
their adjacent vertical faces in contact as shown in the figure by a top 
| view. Here the x-y plane of a coordinate frame is in the plane of the floor. 
The bar is made to move horizontally along the floor in a straight line 
with a constant acceleration without rotation. Direction of motion of the 
bar makes an angle 0 = sin 1(0.6) with the positive x-axis. Coefficient of 
friction between the block and the bar is „= 0.75. Find distance travelled 
by the block until the plank moves a distance / = 40 cm. 


Ry 


40. A block is released on the slant face of a wedge of equal mass placed on 
© a horizontal floor. The slant face of the wedge makes an angle of 45° with 
the floor. Coefficient of friction between all surfaces in contact is the 

same. Find range of coefficient of friction u for the following cases. 


41. 


43. 


44, 


45. 


46. 


(a) Both the bodies remain motionless. 

(b) The wedge remains motionless and the block slides down. 

(c) The block slides down the wedge and the wedge slides on the floor. 

(d)The block does not slide on the wedge but the wedge slides on the 
floor. 


A wedge of mass M = 3 kg rests on a horizontal floor. Slant face of the 
wedge makes an angle 9= sin 1(0.6) with the horizontal. A block of mass 
m= 5 kg is released on the slant face. Coefficient of friction between the 
floor and the wedge is w= 1/3 and the slant face is friction-less. Find the 
force of normal reaction between the block and the slant 
face. Acceleration of free fall is g = 10 m/s2. 


. One end of a uniform rope of mass m = 3.0 kg placed on the ground is 


pulled by a force F = 10V2 N in such a way that 7 = 2/3 of length of the 
rope remains at rests on the ground in a straight line and rest of the 
rope in the air in the vertical plane containing the portion of the rope on 
the ground. Find range of values of coefficient of friction between the 
rope and the ground. Acceleration of free fall is g = 10 m/s?. 


A train of mass M = 1000 ton is running with a uniform velocity on a 
level track. Resistance to motion is proportional to the mass being pulled 
and pulling force of the engine is a constant. The last carriage of mass 
m = 200 ton gets decoupled. The driver discovers it after travelling a 
distance l = 100 m and instead of applying brakes, he immediately shuts 
off the engine. When both the parts of the train come to rest, what is the 
distance s between them? 


A student starts an experiment with a stack of three identical sheets of 
paper. He crumples the stack against his fist as shown in the figure, 
then separates a single sheet from the other two without altering their 
crumpled (pseudo-conical) shape. This yields two objects of the same 
shape, but of different masses. He releases these objects simultaneously, 
and records their motion in still air. After the two objects acquire their 
terminal velocities, the heavier one moves 7 = V2 times farther than the 
lighter one in a particular time interval. If the force of air resistance is 
proportional to v*, where v is velocity and x is a constant exponent, what 
should be value of the exponent x? 


A ball projected vertically upwards with a velocity 20 m/s returns back 
on the ground with a velocity 16 m/s. If the air resistance is proportional 
to the speed of the ball, find airtime of the ball. Acceleration of free fall 
is 10 m/s?. 


A cricket ball during its motion in the air experiences a drag force 
proportional to square of its speed relative to the air. Immediately before 
a batsman hits a ball, the ball was moving horizontally in the air with 
speed u = 20 m/s and acceleration a = V164 m/s2. After the hit, the ball 
starts rising vertically upwards with an initial velocity v = 10 m/s. 
Neglecting buoyant force, calculate acceleration of the ball immediately 
after the hit? Assume acceleration of free fall g = 10 m/s?. 
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A boat of mass m is anchored in the middle of a river, which is flowing 
with a constant velocity vo. Horizontal component of the force exerted 
on the boat by the anchor chain is To. If the anchor chain suddenly 
breaks, determine time required for the boat to attain a velocity equal 
to 0.5vo. Assume that the drag force of the water is proportional to the 
velocity of the boat relative to the water and neglect air drag. 


The given figure shows how forces of air resistance F, and water 
resistance Fw on a sailboat vary with velocity v of the boat relative to 
the respective media. 


(a) What speed a sailboat will acquire in stagnant water, when the wind 
speed is 5 m/s everywhere? The direction of motion of the boat 
coincides with the direction of the wind. 

(b) What speed a sailboat will acquire in stagnant air, when the water 
is flowing with velocity 5 m/s everywhere? The direction of motion of 
the boat coincides with the direction of the water current. 


A dumbbell is constructed by affixing small balls each of mass m at the 
ends of a light rod of length l. The dumbbell is held vertically with the 
lower ball resting on a horizontal floor as shown in the figure. The upper 
ball is released and given a horizontal velocity vo by a sharp hit. If the 
bottom ball immediately loses contact with the floor, what should the 
maximum length / of the dumbbell be? Acceleration due to gravity is g. 


A dumbbell consists of two very small size balls A and B of masses m 
and M fixed at the ends of a light rigid rod of length J. The dumbbell is 
held motionless on a horizontal floor making an angle 6 with the floor 
as shown in the figure. Find range of coefficient of friction u between the 
floor and the ball B, so that the ball starts sliding immediately after the 
dumbbell is released. 


In the setup shown, a small block A of mass m suspended from a peg 
with the help of a light inextensible cord rests on a vertical face of a 
block B of mass M, which is held motionless on the horizontal ground. 
Inclination of the cord with the vertical is 0 and all the surfaces in 
contact are frictionless. Find acceleration of the block B immediately 
after it is released. Acceleration due to gravity is g. 


. A bead of mass m, which can slide on a straight horizontal frictionless 


rod, is being pulled with the help of a light inextensible thread of length 
lin such a manner that the end P of the thread, which is being pulled 
moves with a constant speed vo always directed along the thread. Find 
an expression for the tensile force T in the thread at an instant when 
the thread makes angle @ with the rod. 


A light inextensible straight thread of length l = 3.2 m is placed on a 
frictionless horizontal floor. A small block of mass m = 3 kg placed on 
the floor is attached at one end of the thread. With how much constant 
speed vo the free end of the thread must be lifted vertically upwards so 
that the block leaves the floor, when the thread makes an angle 0= 30° 
with the floor. Acceleration of free fall is g = 10 m/s?. 


54. 


56. 


58. 


In a gravity free space a long uniform cylinder of radius r = 30 cm wears 
a thin uniform ring that can slide on the cylinder. When the ring is given 
an angular velocity w = 10 rad/s, it stops in tọ = 3.0 s. Now the ring is 
given the same angular velocity and simultaneously projected along the 
rod with speed u = 4.0 m/s. How far will the ring move along the rod 
before it stops? 


. A motor is installed at the top of a pole rigidly fixed on a platform. A 


light rod of length r = 1 m is rigidly attached to the motor shaft at its 
one end and at the other end a small ball of mass m is attached. The rod 
can be rotated in a vertical plane with the help of the motor. Total mass 
of the platform, the pole and the motor is 7 = 4 times the mass of the 
ball. The motor rotates the rod at a constant angular velocity. The 
platform is placed on a horizontal surface, where coefficient of friction is 
u= 1/3. At which minimum angular velocity @ of the rod will the 
platform start sliding? 


A disc D of mass m = 4.0 kg is tied at one end of a cord of length l = 1.0 
m, other end of which is fixed at the centre of a large circular platform. 
The platform is maintained horizontal and rotated about its vertical axis 
of symmetry. The disc is placed on the platform as shown. How long 
after the disc is placed, will the cord break? The maximum tensile force 
the cord can withstand is Tmax = 100 N, and coefficient of kinetic friction 
between the disc and the platform is 4x = 0.1. 


. Consider a hollow cylinder of radius r fixed in a laboratory with its axis 


horizontal. A small block is placed inside the cylinder as shown in the 
figure. Coefficient of friction between the block and the inner surface of 
the cylinder is u. Find the angular velocity at which if the cylinder is 
rotated about its axis, the block does not slide. Acceleration due to 
gravity is g. 


A small block of mass m is placed on a platform that has a rectangular 
protrusion. The block is connected to one end of a light inextensible cord 
that passes over an ideal pulley fixed on the corner of the rectangular 
protrusion and finally attached to the wall. Segment of the rope between 
the pulley and the wall is horizontal and is at a height h above the top 
face of the platform as shown in the figure. The platform is on a 
horizontal frictionless floor. Coefficient of friction between the block and 
top face of platform is u. The platform is pulled away from the wall so 
that it moves with a constant velocity v. Find the force F pulling the 
platform when segment of the cord between the block and the pulley 
makes angle 0 with the horizontal. Denote acceleration of free fall by g 
and assume that the block does not leave the platform. 
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As shown in the following figure, consider three arrangements A, B and 
C, where the pulleys are ideal, strings are light and inextensible, balls 
attached at the ends of the strings are identical and surfaces where the 
balls rest are frictionless. Identify nature of equilibria (i.e. stable, 
unstable or neutral) of the arrangements. 


A A A 


A long elastic cord obeying Hooke’s law is stretched considerably due to 
its own weight. In one such case, a cord is held from one of its ends and 
hung vertically and in another case that is shown in the figure, the ends 
are attached to separate nails A and B in the same level so that the cord 
assume shape of a catenary. In which case is the cord stretched longer? 


A uniform rope of length l = 12 m is suspended between two fixed nails 
A and B that are in the same horizontal level. If the rope makes an angle 
0 = sin“1(0.6) with the horizontal at the nails, find depth h of the lowest 
point on the rope below the nails and radius of curvature p of the rope 
at the lowest point. 


If you hang vertically some length of a long uniform inextensible rope, 
the longest hanging length is lọ = 2 m that does not break due to its own 
weight. Now you cut a length of the rope and place it straight on a 
horizontal frictionless table with a little length hanging over the edge so 
that it begins to slide down when released. What maximum length can 
this piece have so that it does not break during sliding? 


A bead slides down a height h on a rigid thin vertical rod in time T}, and 
the same height on a rigid helix in time T2. Now the rod is rigidly fixed 
along the axis of the helix and the bead that can slide on the helix is tied 
with a light inextensible thread to another identical bead that can slide 
on the rod as shown in the figure. The assembly consisting of the beads 
and the thread is released from rest. How long will this assembly take 
to slide down the same height h? Neglect friction as well as air 
resistance and assume radius of the helix so small as compared to the 
length of the thread that the thread can be assumed almost vertical. 


A uniform rope of length l is held motionless on a frictionless 
hemisphere of radius r with one end of the rope at the top of the 
hemisphere. The hemisphere is made immobile by gluing it on a 
horizontal floor. Find where on the rope, maximum tensile force is 
developed immediately after the rope is released. 


Newton's Laws of Motion 2.25 


7. A block of mass m = 15 kg is suspended in an elevator with the help of 
three identical light elastic cords stretched vertically. One of them is 
tied to the ceiling and the other two are tied to the floor of the elevator 
as shown in the figure. When the elevator is stationary, the tensile force 
in each of the lower cords is F = 7.5 N. Acceleration due to gravity is g = 
10 m/s2. 


(a) For what acceleration of the lift, will the lower cords become relaxed? 

(b) If the elevator moves with an upward acceleration a = 1.0 m/s2, how 
much tensile force will develop in the upper cord? 

(c) If the elevator moves with an upward acceleration a = 2.0 m/s2, how 
much tensile force will develop in the upper cord? 

(d) For what acceleration of the lift will the upper cord become relaxed? 


8. An elastic cord that obeys Hooke’s law is stretched along the y-axis in 
the x-y plane of a coordinate frame so that its ends A and B occupy 
positions (0, 2) and (0, —8) respectively. A point of the cord that coincides 
with the origin is marked by a permanent ink; let us call this mark C. 
Now both the ends are made to move simultaneously; the end A in 
positive x-direction with constant velocity 1.0 m/s and end B in the 
negative y-direction with a constant acceleration. If the mark C passes 
the point (4, —2), find acceleration of the end B. All the coordinates are 
in metres. 


9. Turns of a uniform spring of relaxed length / = 1.00 m and force constant 
k = 500 N/m almost touch each other. A light glue is applied evenly 
between every adjacent turn. Breaking strenght of the glue is F, = 100 
N. The spring is placed on a frictionless horizontal floor and pulled from 
one of its ends. If the pulling force is gradually increased to a value F = 
200 N, how much will the length of the spring become? 


—ww_v A VV 


10. Two beetles are hanging from the lower end of a light elastic cord 
suspended from the ceiling. Stiffness of the cord is k, its relaxed length 
is lọ, mass of each beetle is m and acceleration due to gravity is g. One 
of the beetles starts climbing the cord with a constant velocity u relative 
to the ceiling while the other one keeps on hanging from the lower end. 
With what velocity and in which direction will the lower beetle be 
shifted? Ignore all disturbances caused by the initial acceleration of the 
beetle that is climbing the rope. 


11. A small block placed at the bottom of an empty container is attached at rr 
its top with one end of an elastic cord of relaxed length 80 cm and force 
constant 100 N/m. The force constant of the cord increases with decrease 
in temperature. Its value at 0 °C becomes 4 times of its value at room 
temperature. The other end of the cord is attached to a fixed hook at 
height 100 cm above the top of the block as shown in the figure. In this 
situation, the cord is extended but its elastic force is not sufficient to lift 
the block. Up to what minimum height cold water of temperature 0 °C 
should be filled into the container so that the block leaves the bottom. 
Weight of the block in the cold water is 40 N. Assume no heat conduction 
in the cord along its length and no heat loss to the surroundings. 


100 cm 
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. A cobweb thread of negligible relaxed length is stretched between points 


A and B on two opposite walls as shown in the figure. In this state, the 
thread makes an angle 0 with the horizontal and its length and force 
constant are / and k respectively. A spider of mass m crawls gradually 
from end A to B on this thread. Representing the horizontal by x-axis, 
the vertical by y-axis and the point A as the origin, find equation of path 
followed by the spider assuming that the thread obeys Hooke's law. 


A wedge A of mass M and base angle 45° is placed on a horizontal floor. 
Another wedge B of the same mass and base angle is set on the wedge 
A and a small block C of mass m is placed on the upper horizontal face 
of the wedge B. Initially the system is held motionless as shown in the 
figure. All the surfaces in contact are frictionless. Find acceleration of 
the block C after the system is released. Acceleration of free fall is g. 


The wedge shown can slide without friction on a horizontal floor. Mass 
of the wedge is M and its angle of inclination is 8 = 30°. A block of 
mass m slides down the wedge without friction when released on its 
inclined face. If path of the block relative to the ground makes an angle 
of ¢= 60° with the horizontal, find the ratio of mass of the block to that 
of the wedge. 


Three identical cylinders each of mass m = 10V3 kg are arranged on a 
horizontal floor as shown in the figure with their axes horizontal. The 
floor as well as the cylinders are frictionless. You apply a constant 
horizontal force (directed to the right) on the left cylinder. For what 
range of F will all three cylinders remain in contact with each other. 
Acceleration of free fall is g = 10 m/s?. 


Having lost his way, a hunter reached bank of a frozen river of width l 
and decided to cross the river. However, due to very low friction he was 
unable to walk on the icy river. Assume a large horizontal area near the 
riverbank where friction coefficient between the shoes of the hunter and 
the ground is 4; deduce suitable expression for the minimum time in 
which the hunter can reach the other bank. Acceleration of free fall is g. 


A horizontal conveyor belt reverses its velocity almost instantly after 
every T= 1.0 s. Speed of the belt in each direction is Up = 1.0 m/s. Coe- 
fficient of friction between the belt and a block placed on the belt 
depends on the direction sliding. When the block slides to the right on 
the belt, the coefficient of friction is 4, = 0.25 and when it slides to the 
left on the belt, the coefficient of friction is 4; = 0.50. Find the average 
velocity of the block relative to the ground during a complete cycle of 
motion of the belt long time after the block is placed. 


On a fixed inclined plane place a thin paper sheet of negligible mass and 
then a block on the paper and hold them motionless. Coefficient of 
friction between the block and paper is u and coefficient of friction 
between the paper and the incline plane is u2. Now release them simult- 
aneously. 

(a) If 42 = 4n < tan @, find accelerations ay, of the block and a, of the paper. 

(b) If 1 > u < tan @, find accelerations ay, of the block and a, of the paper. 
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19. A well-known experiment to demonstrate property of inertia is to pull 
out a cloth without letting a glass placed on it to fall. The cloth spreads 
up to a length / from an edge of a table and the glass is placed on the 
cloth at a distance x (x < J) from this edge. Coefficient of friction between 
the cloth and the glass is x and that between the glass and the table is 
sufficient to prevent slipping of the glass on the table. The glass can be 
considered as a point particle and the cloth light. If the cloth is pulled 
with a constant speed, find range of this speed for a successful demons- 
tration of the experiment. 


20. Two identical books each of n = 400 pages are so meshed that their 
alternate papers overlap each other. Mass of overlapped portion of each «+H =< > 
paper is m = 0.5g and coefficient of static friction between the papers is — = 
u= 0.1. The arrangement is placed on a frictionless horizontal table and 
the books are pulled apart horizontally without rotation. Find minimum 
pulling force F required. Acceleration due to gravity is g = 10 m/s2. 


21. One end of a light inextensible cord is attached to a nail A on the ceiling. 
The cord passes through frictionless hole of a small bead P thereafter it 
passes round two ideal pulleys and finally the other end is attached to 
the bead. Initially the bead is held at rest with the cord segments AP 
and BP making angles a and £ with the horizontal while keeping the 
segment CP vertical as shown in the figure. Find acceleration of the 
bead immediately after it is released. Acceleration due to gravity is g. 


22. A rod of mass m and length L is suspended from the ceiling with the 
help of two light inextensible cords each of length / so that the rod is 
horizontal. The rod is given an angular velocity œ about its central 
vertical axis. Find increment in the tensile force in a cord immediately 
after the rod is given the angular velocity. L 


23. A cylinder is being pulled slowly with the help of a long uniform rope 
lying on a horizontal floor as shown in the figure. The pulling force 
applied at the end A is so adjusted that the length BC of the rope 
touching the cylinder always subtends angle 0 = sin 1(0.8) at the centre 
of the cylinder and the length of the hanging portion CD always remains 
half of the length DE being dragged on the floor. Find coefficient of 
friction between the rope and the floor. 
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24. A disc of radius R inclined at an angle 0 with the horizontal is evenly 
covered with a thin layer of sand. Coefficient of friction between the 
sand and the disc is w. The disc is made to rotate about its central axis 
of symmetry with gradually increasing angular velocity. The angular 
velocity is increased so gradually that tangential acceleration of any of 
the sand particle is practically negligible. What is the angular velocity 
of the disc, when y fraction of the sand has fallen off the disc? Accelerat- 
ion due to gravity is g. 
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To whirl a stone tied to a cord, one has to move the free end of the cord 
on a circular path pulling the stone on a larger circular path. In this way 
a stone of mass m is whirled on a horizontal circular path of radius R 
with the help of a light inextensible cord of length l by moving the free 
end on a circular path of radius r with a uniform speed v as shown in 
the figure. At sufficiently great speed v, tensile force in the cord becomes 
so large that the effect of gravity can be neglected but at this speed air 
resistance becomes considerable. Find suitable expression for the force 
of air resistance. Acceleration due to gravity is g. 


. A light inextensible cord is wrapped around a frictionless cylinder of 


radius R fixed vertically on a floor that is lubricated with oil. A bead of 
mass m is tied at one end of the cord and the other end P is free as shown 
by the top view of the situation. Force of viscous drag on the bead due to 
layer of the lubricating oil is proportional to the speed of the bead and 
the proportionality constant is k. If the free end of the cord is pulled with 
a constant speed u along the cylinder, the bead eventually acquires a 
steady motion on a circular path. Find expressions for speed of the bead 
and radius of its circular path in its steady motion. 


. A uniform rope of mas m and length l is spread out on a horizontal 


frictionless surface, wrapping half turn around a fixed vertical 
frictionless cylinder of radius r << I. Initially, both the ends of the rope 
are pulled by equal forces each F in magnitude keeping both the 
unwrapped segments parallel to each other and equal in length as 
shown in the figure. Suddenly pulling force at one end is removed 
without any change in the pulling force at the other end. After how much 
time from removal of the pulling force at an end, will the rope start 
losing contact with the cylinder? 


A small disc of mass m = 100 g is placed on a large horizontal floor 
lubricated with oil. Force of viscous drag due to layer of lubricating oil 
is given by equation f =—kv , here U is velocity of the disc and k = 0.04 
kg/s. If a force of constant magnitude F = 0.06 N rotating with a const- 
ant angular velocity œ = 0.3 rad/s is applied on the disc, the disc 
eventually acquires a steady motion on a circular path. Find speed of 
the disc in its steady motion. 


A small bead starts sliding down a frictionless rigid helical wire frame. 
The axis of the helix is vertical, radius is R and pitch is h. 


(a) In how much time, will the bead descend a height H? 
(b) How much force will the wire frame exert on the bead when the bead 
has descended a height H? Acceleration of free fall g. 


A small bead slides down a helical wire frame with a constant speed v 
due to gravity. Axis of the helix is vertical, its turns are tilted by angle 
0 with the horizontal and its radius is R. Find expression for the 
coefficient of kinetic friction between the wire and the bead. 


Starting from rest a motorcyclist moves on a horizontal un-banked 
circular track of radius R = 28 m. Coefficients of friction between the 
tyres and the track is uniform everywhere. How much minimum 


distance must the motorcycle cover to achieve the maximum allowable 
speed? Treat the motorcycle as a point particle and use z= 22/7. 


32. A small block is placed inside a hollow cylinder of radius r, axis of which 


is inclined at an angle 0 with the horizontal as shown in the figure. 
Coefficient of friction between the block and the inner surface of the 
cylinder is x. Find angular velocity of the cylinder about its axis, so that 
the block does not slide. Acceleration due to gravity is g. 


33. A block is placed on a large inclined plane that makes an angle 0 with 


the horizontal. Coefficient of kinetic friction between the block and the 
plane is u> tan@. The block is given a velocity vo at an angle øo with the 
line of fastest descent. Find expression for the time interval during 
which the block remains in motion. Acceleration due to gravity is g. 


Challenge your understanding 


l. 


A wedge of mass M can slide on two parallel rails A and B inclined at an 
angle 0 to the horizontal. In the middle of the rails and parallel to them 
runs a frictionless rod C that wears a light ring D. The rod does not 
touch the wedge. A light inextensible cord attached with the ring runs 
through a hole in the wedge without touching it, then runs round an 
ideal pulley on the top of the wedge and finally attached to a block of 
mass m that can slide along the vertical face of the wedge without 
friction as shown in the figure. Coefficient of friction between the wedge 
and the rails is u. Initially the system is held motionless and then 
released. Find the acceleration of the block. Acceleration due to gravity 


is g. 


A boy is driving a model aircraft with the help of a light inextensible 
cord of length L. He does so by moving the free end of the cord with a 
constant speed in a horizontal circle of radius r. As a result, the aircraft 
moves in another horizontal circle of radius R > r with a constant speed 
v at an altitude h above the plane containing circular path of the end 
held. The centres of both the circular paths lie on a vertical line. 
Considering the air drag, find lift force of air on the aircraft. 


Two small identical discs A and B are tied to a nail P on a large 
horizontal platform with the help of identical light inextensible strings 
each of length l = 25V2 cm. The nail is fixed at distance / from the centre 
O of the platform. Initially the threads tying the discs A and B are 
straight and make angles 6 = 45° as shown in the figure. Coefficient of 
friction between the discs and the platform is u = 0.40. Acceleration of 
free fall is g = 10 m/s2. Now the platform starts rotating with gradually 
increasing angular velocity œ about its vertical central axis. Find 
expression to describe angle @ between the threads PA and PB as 
function of angular velocity of the platform and draw an approximate 
graph to show this relationship. 
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AND HINTS | Multiple Choice Questions | 


2.30 Chapter-2 

ANSWERS 

1. (d) 14. (d) 

2. (d) 15. (a) 

3. (b) 16. (a) 

4. (b) 17. (c) and (d) 

5. (a), (b) and (d) 18. (c) 

6. (©) 19. (b) 

7. (œ 20. (a) and (d) 
8. (c) 21. (b) 

9. (b) and (d) 22. (e) 

10. (c) and (d) 23. (a), (b), (c) and (d) 
11. (b) 24. (a), (c) and (d) 
12. (a) 25. (d) 

13. (a) 26. (b) 


27. (b) 40. (b) 

28. (d) 41. (a)—(q) and (r), 
29. (a) (b)>(0), 
30. (a) and (b) ee 
aL”) Ad. Gand @) 
32. (d) 43. (c) 

33. (d) 44. (0) 

34. (b) 45. (b) 

35. (d) 46. (a) 

36. (d) 47. (6) 

37. (a) 48. (c) 

38. (b), (c) and (d) 49. (c) 

39. (a) and (b) 50. (b) 


Build-up your understanding | your understanding 


(-i-j+k)N 


10 
(a) s b) — m/s? 
V3 
u W 200 N/ 
a a m 
2y — x? 


Since the pulley is ideal and the string is 
light, modulus of tensile force at every point of 
the string in contact with the pulley is the same. 
Therefore, modulus of normal reaction between 
the pulley and the string at every point in 
contact must be uniform in magnitude. 


e =100 N/m 


2loP| 


To simplify calculations make use of vector 
notations. 


4.0 g/s 
300 g 


Compression in the spring equals the 
difference of the downward shift of disc A say h 
and compression x of the rubber pad. Express 
the spring force that is equal to the weight mg 
in terms of h and x. Substitute given values in 
the equation obtained and plot it on the given 
graph. 


R(v, —U,)—Tg 
2k 


Since the cup is inertia-less, resultant of 
all the forces acting on it must be a null vector. 


=0.95 cm/s T 


mak, 


” = 2k(k, +h,) + kik, 


O 
(q-p)l, 
Uniformity of change in length of every 
turn suggests that the fractional change in the 


length i.e. longitudinal strain of any portion of 
the spring is equal to that of the whole spring. 


(a) k= = 600 N/m 


10. T 


11. 


13. 


14. 


15. 


. (a) g/2 down the plane, 


(b) Ax = 


Al, -(n-1)A}, _ oa 
n 


In the direction of Al, 


Displacement of a point P on a linear 
spring relative to one of its ends is proportional 
to the length of the segment of the spring 
between the point P and that end of the spring. 


= mg 
1+2cos’° 0 


Since product of force constant of a 
segment of an elastic cord or spring and length 
of the segment is a constant, therefore force 
constant of the middle cord differs from that of 
the outer cords. 


59.17 cm 


gl. gt 
(b) 0, 0, 2g| 


No material body at rest can change its 
position by a finite amount in an infinitesimally 
small interval of time due to its inertia. 
Therefore, force of a spring connected with 
stationary material bodies at both of its ends 
cannot change by a finite amount in an 
infinitesimally small interval of time. 


AY 160 N 
5 


Since the pulley has vanishingly small 
inertia, net forces on it must be vanishingly 
small; in addition, the pulley can acquire a finite 
velocity as well as can be stopped almost 
instantaneously. 


U, =U = — 
A B 
3 


While the free end is speeding up, 
accelerations of the blocks are equal, therefore 
both the blocks will always have equal speeds. 


3g (m, +4m,)F 


2 4m,m, 


=0 m/s’ 


78 g 5g 
gn dy =A = 9s a) => 4 


17. a 
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2(M -2m)g | 


dg>a> 
nd g>a IM 


„M-2m)8 + 4 
6m 


18. a, = -2j m/s’, äp = (47 -2)) m/s’, o = 4i m/s? 


19. For blocks A and C: 


20. 


2 gi 


1 1 1 1 
(M, +m, ) + +—+ 
M,+m, M,+m, m m 


For blocks B and D: 


-2 gi 
(M, +m,) 1 + 1 4 1 4 l 
M +m M,+m, m m, 
(m+M)gsin@ 
—F down the slope 
M +msin* 0 
+ M)gsin’ 0 
inä (m )gsin i 


M +msin’ 0 


The bar, which accelerates from rest, 
cannot change its position in a vanishingly 
small time due to its inertia, hence immediately 
after the bar is released the cord remains 
vertical and tensile force in it decreases causing 
the ball to accelerate vertically downwards. 
Moreover, vertical component of acceleration of 
the bar cannot exceed the acceleration of free 
fall; the inextensible cord remains taut making 
acceleration of the ball equal to the vertical 
component of acceleration of the bar. 


gaa t M nc =150 N 
Mz = Mo 
F (1-cos0@)+mg sin 0cos0 


M +msin’ 6 


(m, —m,)g sin @cos@ 


` m, +(m, +m,)sin’ 0 
. m < Mcos20 
219; 


. F= JFF, 


DEV) 


30. 


31. 


32. 


33. 


34. 


35. 


Chapter-2 


m= VE ii nee =6 N 
E 


Limiting friction depends on the normal 
reaction, therefore a change in the pull on the 
rope changes the normal reaction and hence the 
limiting friction. 


2 


4 : 0< s< 
2gs 2 
U= 
2(ut—s 
eo, MT eS 
gr’ 2 


And s > utis impossible. 


2 

x= or x = whichever is smaller 
r 2ug 

The block slides with a uniform retardat- 

ion and its size gradually reduces due to wear. 

Therefore, it may completely vanish before it 

stops or may stop before it completely vanishes. 


fINA 
15 


-1 


(a) 21+ Het) =17 
mg 


The limiting friction between the hand 
and book is greater than that between any two 
books, therefore slipping will occur between the 
end books and the stack of the inner books. 

(b) 22 N 


Mu’? 


** dal(m+M) 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


18 N, 1.0 N, 1.0 N, 2.0 m/s2 and 8.0 m/s2 
respectively 

Since pull of string on both the blocks are 
equal and limiting friction on the block B is 
smaller than that on block A, the block B slides 
whereas block A does not slide on the plank 
under the given conditions. 


F, F < 6umg 
3m’ 
=4 F+2umg, 6umg < F <10umg 
4m , 


3ug; F>10umg 


(a) F< ume 1+ | 


(b) yme( 1+ | < F <2umg 


The paper is almost massless, therefore 
the net force on it must be vanishingly small. 


s =lsin y1 + x? = 0.3 cm 


Friction is not sufficient to prevent slip- 
ping between the block and the bar and normal 
reaction between the bar and the block is a 
constant, therefore a constant total contact force 
(resultant of the normal reaction from the bar 
and kinetic friction) acts on the block by the bar. 
In addition, starting from rest, the block moves 
in a straight line. 


(a) u>1.0 (b) J5-2<u<1.0 
(c) u< J5 -2 (d) The event is not possible. 
R= mMg (cos + wsin@) eo 


M +msin6@(sin@- pcos) 
The wedge will also accelerate. 


ig) 09-3 


Horizontal component of the force F 
balances the frictional force, which cannot 
exceed the limiting friction. Vertical component 
of the force F equals the weight of the hanging 
portion. 


43. 


44, 


45. 


46. 


47. 


48. 


49. 


50. 


s= im =125m 
M- 

2 

3.68 


2 
e+(2) a’ — g* =12 m/s” 
u 


Immediately before the ball is hit, force of 
air resistance and of gravity are mutually 
perpendicular and after the hit, both the forces 
are vertically downward. 


mu, In2 
T. 


0 


(a) 3.0 m/s 


As the boat speeds up, its velocity relative 
to water increases and that with respect to wind 
decreases. Therefore, curve representing the air 
resistance must be inverted about a suitable 
line parallel to the ordinate to make it suitable 
for decreasing speed relative to air. 


(b) 2.0 m/s 


As the boat speeds up, its velocity relative 
to air increases and that with respect to water 
decreases. Therefore, curve representing the 
water resistance must be inverted about a sui- 
table line parallel to the ordinate to make it 
suitable for decreasing speed relative to water. 


2 
0 


2g 
Immediately after the hit, the upper ball 
is in circular motion around the lower ball. 


U 


msin 20 
2(M +msin? 6) 


u< 


51. 


53. 


54. x= 


55. 


56. 


57. @= 


58. 


Newton's Laws of Motion 2.33 
mg sin @cos0 
m + M cos’ 0 


The block A will move on circular path and 
initially it has only tangential acceleration, 
whose horizontal component is equal to the 
acceleration of block B. 


mu, sin? 0 


lcos* 0 


(lz 
sin 


When the block is leaving the floor, 
vertical component of the tensile force balances 
weight of the block and horizontal component 
provides necessary acceleration to the block. 


ut yu’ + (or) 


2or 


Joos 0=6 m/s 


=10m 


Friction at a point of the ring acts opposite 
to velocity of the point relative to the rod. 


1 
Q = u(l+n)g =5 rad/s 
ral +g? 
T 
t set ig 5.0 s 
4g \ ml 


The tensile force in the cord and the 
frictional force provide the centripetal and the 
tangential accelerations respectively. 


5 [svlte 


ur 


2 3 2 3 
F-m v“ tan ot AER uv tan’ 0 
h(cos@ + usina) h 


| Check your understanding | your understanding 


1. 


2. 


Arrangements A and B are in stable, whereas 
C is in unstable equilibrium. 


In the second case. 


You may use the idea of average tensile 
force developed in the cord. 


k- IQ = cos0) wien. pE lcot@ agmi 
2sind 2 


2.34 


4. 


10. 


11. 


Chapter-2 
41, =8 m 
Tensile force in the sliding rope acquires 


its maximum value at the edge of the table when 
half of the rope has slid. 


T? e T; 


2 


From the top at angular position 
sin” f i —cos Bi 
l r 


(a) ae =1.5 m/s’ Î 
m 


(b) m e+) +2F =170 N 
(c) m(g+a)=180 N 


(d) eg OF = 33 m/s? 4 
m 


0.8 m/s2 

Ratio of lengths of segments AC and CB as 
well as ratios of their x and y-components is a 
constant. 


F°- F? 


l+ b =1.15 m 
2kF 


kl, +2mg 


60 cm 


Denoting the relaxed length of the cord by 
l, its force constant by k, height of the hook 
above the block by H, relaxed length of the 
portion of cord above water by /; and height of 
water level by A, the following equations can be 
written. 
For portion of string above water: 

kl 
7E -h-l, ) =F 
For portion of string under water: 


kn P 


(l-4) 


1 


12. y=ftano Me J+ a x’ 
klcos@ kl“ cos“ 0 
2(m+M)g 
` (3M +2m) 


14. 


15. 


Vertical component of acceleration of 
wedge B is equal to acceleration of block C and 
horizontal component of acceleration of wedge B 
is equal in magnitude and opposite in direction 
to acceleration of wedge A. 


m _tang—tané © 
M tand 


Express tan ¢ in terms of acceleration of 
the block relative to the wedge a and accelerat- 
ion of the wedge b. 


2 


Since there is no net force in horizontal direction 
on the system, you can write 
m(acos@—b) = Mb 


TE < F sgy3 = 100 N< F< 300 N 


For the given condition, the force F has a 
range of values. At its minimum value, the 
lower cylinders tend to lose contact from each 
other and at the maximum value, the upper 
cylinder tends to lose contact from the front 
cylinder. 


(241) 


16. 2 
HE 
2 
17. a =0.2 m/s > 
TE\H A 
18. (a) a, = g(sind- 4 cos@) and a, =0 


(b) a, =a, = g(sind - u, cos 0) 


The paper sheet is almost massless, 
therefore, the net force on it must be vanishing- 
ly small. 


2 
v, > {He ; Pere 
19. v,: 2x 2 


2 


2 


bo 


1. 


2. 


v, >y2ug(l- x); 


For successful demonstration of the expe- 
riment, average velocity of the glass should not 
be greater than half the constant velocity of the 
cloth and hence displacement of the glass can- 
not exceed half the displacement of the cloth. 


l 
x>— 
2 


. F > n(2n-1) umg = 39.9 N 


One paper has two pages. 


a=gsingd 


1+sina+sin £ 


ma’ I 
8l 
_ cotd | 3 
2 8 


The event described in the problem is 
possible only when, either the rope slides on the 
cylinder and the cylinder rolls on the floor or the 
cylinder slides on the floor without rotation and 
the rope does not slide on the cylinder, making 
the whole rope in state of pure translational 
motion. In addition, at the point C, vertical com- 
ponent of the tensile force equals the weight of 
the portion CD and horizontal component equ- 
als the force of kinetic friction on the portion 
DE. 


jceceeees 
.0= 


Ryl- 


Sand particle at the lowest position has 
maximum tendency to slide off the disc. 


mv’ R 4R°P S 

r” V(R?4+P -rY 
Components of the tensile force in the cord 
towards the centre of the path of the stone 
provides the necessary centripetal force and the 


27. 


28. 


29. 


30. 


31. 


32. 


33. 
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component along the tangent to the path 
counterbalances the force of air resistance. 


Path of 


Path of 
the hand the stone 
mu j m 3 
u 1+(24) and R 1+(2| 
k 
m= 
3F l 
- =1.2 m/s 
(mo) +k? 


fa) poe +h?) 
gh 


2amgRV4n?R +h? +167 H? 


®© (4r R +h?) 


gRtand 
JPR +v* cos’ 0 


ZR 50m 
4 
Al 2 
> “ad 
0 +sinĝ 
g(ucos@+sin ). asin’ 
ur 


U, (u cos + sin cos g, ) 


g(x’ cos’ 6- sin’ 0) 
Assume line of the fastest descent as y- 
axis and horizontal as x-axis and express 
tangential and y-component of accelerations. 
Integrate these equations over the limits consi- 
dering speed change from vg to zero and time 
change from zero to the desired time. 
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| Challenge your understanding | your understanding 


Lee eee een, . (m+ M)sin@ 
1 = 


m+(m+M)cos@ 
(m+ M)sin@ 
m+(m+M)cos@ 


m+ M — umsinð 


0; 


2v°h Since the discs can move on a circular 

path of radius with centre at the point P, 
therefore frictional force on them can only be 
along the tangent to this path. 


1 
T 0<0<0 Conditions of motion of the discs can be 
analysed with more convenience relative to a 
3. fas" aot (42), 0<0<o frame attached with the platform. Now you can 
4 i ; i find angular velocities œ and ø@z at which the 
0 er disc A and B begins to slide respectively. 
, à Till the angular velocity of the disc reaches the 
value @, none of the discs slide and angular 
Here @, = BE 21 O10 rad/s and separation between them remains 7/4 radians. 
l Since @ı < @z, the disc A begins to slide first and 
ug very slowly the thread attached to it turns 
0, = isin o, m TaN through angle 7/4 radians in clockwise direction 


and remains there almost motionless. When the 
angular velocity of the platform reaches value 
@2, the disc B begins to slide and catches the 
disc A thereafter both of them move together. 


Olrad4 
m2 


a4 


0 oO Oz ol(rad/s) 


Chapter 


Concepts of energy, mechanical energy and forces, potential energy and associated 
power, work of a force, the work energy conservative force, the law of conservation of 
theorem, conservative and non-conservative —§ mechanical energy. 


BACK TO BASICS 


Concept of energy: 


Energy is an entity stored in motion of a material particle due to its inertia 
or in stresses developed in a force creating mechanism that may be a 
material body or a force field. The first form is kinetic energy and the second 
is potential energy. 


All forms of energy, which we know by different names as mechanical 
energy, thermal energy, electromagnetic energy, chemical energy, energy in 
waves etc. fundamentally consists of any one or both of the above two forms. 


Mechanical energy of a system is the sum of kinetic energies due of some 
sort of regular motion of all the material particles of the system and 
potential energy due to configuration of the system. 


Concept of mechanical work and power: 


Work is transfer of mechanical energy to a material body. 


When a material particle moves under action of a force F , work of the force 


during an infinitesimal displacement dř is defined as scalar product of F 
and dř. 


dW = F -dF 


“The words of language, as 
they are written or spoken, 
do not seem to play any role 
in my mechanism of thought. 
The physical entities, which 
seem to serve as elements in 
thought are certain signs and 
more or less clear images.” 


Albert Einstein 
(14 March 1879 — 18 April 1955) 


3.2 


Chapter-3 


If a particle moves from a position 7, to a position 7, , work of a force F acting 
on the particle over the entire path is expressed by the following equation. 


W, =| Far 


i>f 


Work done by several simultaneous forces: 


When several forces E, F,,....... | rer F, act simultaneously, the total 


work done by all these forces is algebraic sum of individual work of each 
force. 


j=l 


Power 
Power of a force is defined as time rate at which the force does work. 
dw = 
=—=Fv 
ami 
Work energy theorem: 


When a particle moves from one position to another, total work of all the 
forces acting on the particle is equal to change in kinetic energy of the 
particle between the positions. 


W, 


i>f 


i 2_1 2 _ z 
=5mv; -zMu = K, -K; 


Here the terms 4mvu; and 4mo? are kinetic energies K; and Kẹ of the 
particle at the initial and final positions. 


Work energy theorem is applicable in all reference frames whether they are 
inertial or non-inertial. 


While making use of the work energy theorem in a particular reference 
frame, consider velocities and displacement relative to the frame; moreover 
if the frame is a non-inertial one, consider work of pseudo force in addition 
to the work of physical forces. 


Conservative and non-conservative forces: 


A conservative force has a property that if it does work in moving a particle 
from a position to another, the work must be independent of the path 
followed or equivalently the net work done by a conservative force around a 
closed path is zero. 


$F -dF =0 
= A conservative force must be a function of position and not of 
velocity or time. 
= All uniform time independent forces are conservative forces. 
= All the central time independent forces are conservative forces. 


A central force at any point acts always towards or away from a fixed point 
and its magnitude depends on the distance from the fixed point. 


Potential energy: 


For an infinitely small change in configuration of a two-particle system, 
change in potential energy dU is equal to the negative of work done dW, by 
internal conservative forces. 


dU =-dW. 


Because only change in potential energy has significance, we can assign an 
arbitrary value to potential energy of a particular configuration and treat it 
as a reference value. This enables us to assign definite potential energies to 
other configurations. 


The potential energy of a system consisting of a large number of particles is 
the sum of potential energies of all possible pairs of particles interacting 
through conservative forces. 


Potential energy and associated conservative force: 


The conservative force associated with a potential energy is equal to 
negative of gradient of the potential energy function. 

(Z +ðU ôU 
-| i +j + 


k ; Cartesian coordinates 
Ox oy Oz 


l ðU . av) 


ê, +ê, ; Polar coordinates 
or roo 


Potential energy and nature of equilibrium: 

Depending on the nature of equilibrium of a system as stable or unstable, 
total potential energy of the system must be a local minima or a local 
maxima. If the system is in neutral equilibrium, the potential energy must 
be uniform over the range of change in configuration under consideration. 


Law of conservation of mechanical energy: 
Change in mechanical energy of a system is equal to the net work done by 
external forces (Wext,;.¢) and internal non-conservative forces (Whe int, ist). 


W, W, = E, - E, = (K, +U,)-(K,+U,) 


ext, i>f + ncint, i>f 


Mechanical energy of a system remains conserved, if total work of all the 


external forces and internal non-conservative forces is zero. 
K +U =K +U 
i i f f 


| Multiple Choice Questions | Choice Questions 


1. Greater is the range, longer should be length of barrel of a gun. What is 
the reason behind this belief? 


(a) To allow better cooling of the gun due to increased surface area. 

(b) To allow the force of the expanding gases to act for a longer distance. 

(c) To increase the force exerted on the shell due to the expanding gases. 

(d)To provide a more favourable ratio of kinetic energy to potential 
energy. 


Methods of Work and Energy 


3) 


3.4 


Chapter-3 


Figure-I 


Figure-II 


You are in a paddleboat that is floating alongside a wooden block in a 
river. You are asked to perform following three experiments. 


I. Row your boat 20 m downstream ahead of the wooden block. 

IT. Row your boat upstream to go 20 m away from the wooden block. 

III. Row your boat to move along the stream together with the block and 
simultaneously shift 20 m towards a bank. 


In all these experiments, you row your boat at a constant speed relative 
to water expending energies E,, Ea and E; respectively. Which of the 
following statements is correct? 

(a) E1 < Ey < E3 

(b) Ey < E, < Es 

(c) E = Ey = E; 

(d) It depends on reference frame you choose. 


Two men move identical heavy boxes through equal distances on a 
horizontal floor (not frictionless) as shown. The first man is pushing, 
while the second is pulling the box with forces of equal magnitudes. 


I. Both the men deliver equal power. 

IT. Both the men do equal amount of work. 

III. First man does more work than the second does. 

IV. First man delivers more power than the second one. 
V. Second man delivers more power than the first one. 


Which one of the following represents correct statements? 


(a) I and IT (b) IT only 
(c) ITand V (d) IT and IV 


A solid right cylinder of length l stands upright at rest on the bottom of 
a large water reservoir, where depth is d as shown in the figure-I. 
Density of material of the cylinder is equal to that of water. Now the 
cylinder is slowly pulled out of water with the help of a thin light 
inextensible cord as shown in figure-IJ. Find the work done by the 
pulling agency. 


(a) 0.5mgl (b) mgl 
(c) mgd (d) mg(0.5l + d) 


A spring-mass system oscillating in uniform gravity is shown in the 
figure. If we neglect all dissipative forces, it will keep on oscillating 
endlessly with constant amplitude and frequency. Accompanying graph 
shows how displacement x of the block from the equilibrium position 
varies with time t. 

Now at a certain instant when the block reaches its lowest position, 
gravity is switched off by some unknown mechanism. Which of the 
following graphs would correctly describe the changes taking place due 
to switching off the gravity? 


10. 


A potential energy function is shown in the graph. A particle moving in 
this potential field in the positive x-direction, if possesses 1.0 J of kinetic 
energy at x = 1.0 m, where will it reverse its direction of motion? 


(a) #=1,0m (b) x=2.0m 
(c) x=5.0m (d) x=6.0m 


A ball of mass m is suspended from the ceiling with the help of an elastic 
cord. An additional downward force applied on the ball, if increased 
gradually to a value Fo, the cord would break. What should be the 
additional minimum constant force F that will break the cord? 


(a) F=iF, (b) F=iF,+mg 
(c) F =1(F,-mg) (d) F =4(F,+mg) 


A raindrop of mass m at a height A starts from rest and initially 
accelerates under gravity. Due to viscous drag of air, its motion is 
resisted and finally it acquires a constant terminal velocity vr and hits 
the ground. Neglect the buoyancy; denote acceleration due to gravity by 
g and assume no wind. The magnitude of average viscous force on the 
rain drop during the entire downward trip is 


(a) mart (b) mle - 


Ur Un 
(c) mf ež) (d) mez 


Two identical ropes A and B of uniform mass per unit length are 
suspended from the ceiling and are made to pass through a metallic 
tubular structure C as shown in the figure. The structure is made by 
welding two identical bent tubes. There is no friction between the ropes 
and the tubes and the structure is almost inertia-less. Initially the 
structure is held at rest and then released. What will happen? 


(a) It will not move at all. 
(b) It will move downwards with speed decreasing at the rate 0.5g. 
(c) It will move downwards with speed increasing at the rate 0.5g. 
(d) The rope will heat up. 


A slider is released from a point P on a frictionless track, which bends 
into a circular loop at its bottom. Height of the point P above the ground 
is selected such that the slider is just capable of moving round inside the 
circular loop without breaking contact anywhere. The circular loop is 
now made elliptical without altering its height. The slider is now 
released from a point Q as shown in the figure. If the slider again rounds 
the complete elliptical loop, the minimum height of Q above the ground 


Methods of Work and Energy 
A 
5.0 
UIJ 
0.0 5.0 x/m 
A 
C 


315 


3.6  Chapter-3 


11. 
22 
AN 12. 
E 13. 
w a 
B c 
14. 
T 


Ground Ground 


(a) should be less than that of P. 

(b) should be equal to that of P. 

(c) should be more than that of P. 

(d)cannot be determined with the given information. 


A small disk placed on a frictionless horizontal floor is attached at one 
end of a light inextensible cord, the other end of which is attached on a 
vertical cylinder fixed on the floor. The disc is projected with a certain 
velocity perpendicular to the cord and along the floor. How will the 
tensile force in the cord and speed of the disc change during the ensuing 
motion? 


(a) Both will increase. 

(b) Both will remain constant. 

(c) Tensile force will increase and speed will decrease. 
(d)Tensile force will increase and speed will remain constant. 


A semicircular rigid cylindrical tube is placed on a horizontal floor. Two 
identical balls that loosely fit inside the tube are simultaneously 
released from the top of the tube. Each ball moves down the tube on 
either side. Which of the following statements best describe the total 
force of normal reaction between the tube and the floor? 


(a) It decreases continually. 

(b) It increases continually. 

(c) It first decreases, acquires a minimum value then increases. 
(d) The tube may leave the ground. 


A frictionless rod ABC and a particle P of mass m are lying on a 
frictionless horizontal floor as shown in top view of the situation. The 
portion AB of the rod is bent to form a quarter of a circle. The rod is 
suddenly made to move with a constant velocity v towards the right 
along portion BC. What is the work done by the rod on the particle till it 
leaves the rod? 


(a) 0.5mv" (b) mv’ 
(c) 2mv” (d) None of these. 


One end of an elastic cord is attached to a block of mass m and the other 
end is held keeping the cord relaxed and vertical. Relaxed length of the 
cord is / and there is a mark P at a height 0.8/ from the lower end. If the 
upper end is slowly raised, the block leaves the ground, when the mark 
P reaches the point where the upper end of the relaxed cord initially was. 
Expression for the work done by the force applied by the hand is 


mgl mgl 
eT ee 
ie mgl (d) mgl 


5 E3 


15. 
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A small block starts sliding down from point A on a slide of irregular 
shape as shown in the figure. Here x and y-axes represent the horizontal 
and the vertical directions respectively. Coefficient of friction between 
the slide and the block is 0.6 everywhere. Radius of curvature of the slide 
everywhere is large enough and speed of the block is small enough so 
that normal component of acceleration becomes negligible as compared 
to acceleration of free fall. At which point may the block stop? 


(a) (5, -8) (b) (10, -8) 
(c) (12, -6) (d) Insufficient information 


A spherical object of mass 60 kg is dropped from a very large height. Its 
speed at every 1.0 s interval is recorded and is represented in the 
velocity-time graph, but the experimenter forgot marking velocities. 
Line AB is a tangent to the graph at an instant t = 5.0 s. What is power 
of air resistance at the instant t = 5.0 s. Acceleration due to gravity is 10 
m/s2. 

(a) 0.6 kW (b) 10.24 kW 

(c) 15.0 kW (d) 24.0 KW 


A light thin rod is bent into a right angle and a massive bead is affixed 
at the bend. The structure thus formed is placed on two platforms of 
different heights as shown in the figure. When the structure stays in 
equilibrium, what can you conclude regarding position of the ball 
relative to the vertical faces of the platforms? 


(a) The ball is closer to the lower platform than the higher one. 

(b) The ball is closer to the higher platform than the lower one. 

(c) The ball is equidistant from both the platforms irrespective of their 
heights. 

(d)The ball is equidistant from both the platforms only when both the 
platforms are of the same height. 


Two identical sleeves A and B each of mass m can slide without friction 
on a fixed horizontal rod. A load C of mass 2m is suspended from the 


mid-point of a light inextensible cord of length l = 3V3 m connecting the 
sleeves A and B. Initially the sleeves are at a separation l and the load 
is held motionless. What can you conclude for subsequent motion after 
the load is released? Acceleration of free fall is 10 m/s2. 


(a)Maximum speed of the sleeves is V10 m/s. 

(b) Maximum speed acquired by the load C is 2V5 m/s. 

(c) The load descends a height 1.5 m to acquire maximum speed. 

(d) Before the sleeves collide, the net force on the system consisting of 
the sleeves, the cord and the load becomes zero once. 


A box of mass 1.0 kg moving horizontally with velocity a 10 m/s towards 
the left is gently placed on a conveyor belt that is moving horizontally 
with a velocity 10 m/s towards the right. Coefficient of kinetic friction 
between the belt and the block is 0.5. Some physical quantities and their 
possible value in SI units are mentioned in the given table. Suggest 
suitable matches. 
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10 m/s 
—— 10 m/s 
Conveyor belt —> 


Immediately after the block 
is placed on the conveyor 


20. 


23. 


Modulus in SI Physical Quantity 


(a) zero (p) Work of friction on the block with respect to the 
ground 

(b) 20 (q) Work of friction on the block with respect to the 
belt 

(c) 40 (r) Work of friction on the belt with respect to the 
ground 

(d) 200 (s) Distance slid by the block on the belt with 


respect to the belt 
(t) Change in momentum of the block with respect 
to the ground 


A particle moves from point A to point B then to point C and finally back 
to A under action of a force. Magnitudes of the work done by the force in 
these displacements are Wap, Wgc and Wea respectively. Suggest suita- 
ble match or matches. 


Column I Column II 

(a) The force is conservative and (p) Wca may be zero 
Was =Wec £ 0 

(b) The force is non-conservative and (q) Wca may be > zero 
Wap = Wgc # 0 

(c) The force is conservative and (r) Woa may be = Wgc 
| Wap l>| Wee | 

(d) The force is non-conservative and (s) |Woal may be >| Wgc | 
| Wap |>| Wee | 


Questions 21 to 23 are based on the following physical situation 


A conveyor belt collects sand and transports it to a height h as shown in 
the figure. The sand falls on the belt with negligible speed at constant 
rate u (mass per unit time). Friction between the belt and the sand 
particle is so high that the sand particles stop sliding almost instant- 
aneously after they hit the belt. Acceleration due to gravity is g. 


. What should speed of the belt be for the least possible driving force on 


the belt applied by the motor? 


(a) J0.5gh (b) Jgh 


(c) J2gh (d) A speed however small is possible. 


. What is the power delivered by the motor to the belt, when the motor is 


applying least possible driving force? 
(a) 0.5ugh (b) ugh 
(c) 1.5ugh (d) 2ugh 


What is the power dissipated by the sand-belt system, when the motor 
is applying least possible driving force? 


(a) Zero (6b) 0.25ugh 
(c) 0.5ugh (d) ugh 


Methods of Work and Energy 3.9 
= 
eJ 


1. Efficiency of an engine is measured to be 24% in an experiment running 
the engine at constant throttle. After the experiment, it was found that 
4% of the fuel used in the experiment had actually leaked through a 
faulty gasket. Find efficiency of the engine after repair of the gasket. 


Build-up your understanding 


2. Two uniform hemispheres A and B are concentrically fixed to each other 
and the composite body thus formed is placed on a horizontal floor as 
shown. Masses of the hemisphere A and B are ma and mg and their 
radii are ra and rg respectively. Find conditions for stable, unstable and 
neutral equilibria of the composite body in the situation shown. 


3. Two small identical discs each of mass m = 1.0 kg placed on a frictionless A 
horizontal floor are connected by a light inextensible cord of length / = 
1.0 m. Now the midpoint of the cord is pulled perpendicular to the line Beare 
joining centres of the discs by a constant force F= 2.0 N. What is velocity 


of approach of the discs, when they are about to collide? 
B 


4. On a horizontal surface of non-uniform texture, friction varies from 4 v/(m/s) 
point to point. On this surface a small disc projected with speed 5 m/s 
covers 10 m along a straight path before it stops. Variation in speed v of 
the disc with distance s covered is shown in the figure. If the disc is 
projected with speed 4 m/s from the same initial point in the same 
direction, how much total distance will it cover? 0 2 4 6 8 10 


on A Q 


5. A small block when released on an inclined plane, it first slides down 
and then stops after sliding down a height h. This strange behavior is 
due to the coefficient of friction that is here proportional to the distance 
slid by the block. Find the maximum speed of the block during this 
motion. Acceleration due to gravity is g. 


6. An experimenter throws a ball of mass m = 1.0 kg vertically upwards 
with a velocity u = 4.0 m/s from the top of a high tower. During the flight 
of the ball, modulus of the force of air resistance on the ball is given by 
equation F = kv, here k = 0.41 kg/s and v is the speed of the ball. The 
tower is so high that the ball achieves a constant speed before striking 
the ground. Find velocity of the ball, when its kinetic energy changes 
most rapidly. Acceleration due to gravity is g = 10 m/s2. 


7. A piston of mass M with a ball of mass m rests inside a fixed long vertical 
tube due to frictional forces acting between the periphery of the piston 
and the inner surface of the tube. The ball is raised to height h above 
the piston and then released. All the collisions of the ball with the piston 
are perfectly elastic. Net frictional force on the piston has a constant 
value F that is more than the total weight of the ball and the piston. 
How far will the piston eventually move down in the tube? Acceleration 
due to gravity is g and air resistance is negligible. 
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In a very simple experiment suggested to understand contribution of 
surface irregularities on the force of dry friction, a portion of a floor ina 
laboratory and bottom of a block are knurled by cutting V-shape parallel 
grooves of very small dimensions (height h and width b). The block is 
placed on the floor so that their grooves exactly fit into each other as 
shown in the figure and then the block is pulled with a constant velocity 
perpendicular to the grooves. Assuming faces of the grooves frictionless 
and collisions between them completely inelastic, suggest a suitable 
expression for an effective coefficient of kinetic friction. 


A plank is being pushed on a frictionless horizontal floor with a constant 
velocity u =1.5 m/s. When a block is gently placed on the plank, it slides 
for a while, acquires velocity of the plank and then moves together with 
the plank. If the agency pushing the plank has to do a work W =11.25 J 
during the sliding of the block, find mass of the block. 


A boy is holding one end of an inextensible cord supporting a block of 
mass m at its lower end. From this block, another block of mass M is 
suspended with the help of a light spring of stiffness k. The boy brings 
the assembly over a table and lowers it until the lower block touches the 
tabletop and then releases the cord. How far will the upper block move 
before coming to an instantaneous rest first time? 


A ball of mass m is suspended in a box of mass M with the help of a light 
spring of force constant k and the setup is placed on a horizontal floor 
as shown in the figure. With what maximum amplitude can the ball 
oscillate up and down so that the box remains standstill? Acceleration 
of free fall is g. 


A spring is inserted in a 2.0 m long transparent pipe held vertically on 
a floor and then the lower ends of the spring and the pipe are glued on 
the floor. Inner surface of the pipe is frictionless. A ball is dropped into 
the pipe. Kinetic energy of the ball is recorded at various heights above 
the floor and the data thus obtained are shown in the following graph. 
KIJ$ 
3.0 


2.0 


1.0 


10 11 12 13 214 15 16 17 18 #219  20hm 


Determine length of the relaxed spring, stiffness of the spring and 
mass of the ball. Assume the collision of the ball with the upper end of 
the spring to be lossless, the Hooke's law to be valid for deformations of 
the spring under consideration and acceleration of free fall to be 10 m/s2. 


A bar of mass M rests in equilibrium on a vertical spring, lower end of 
which is affixed on the ground. Now a block of mass m is held on the bar 
without exerting any force on it and then the block is released. How 
much maximum force the bar will apply on the block during the 
subsequent motion? Acceleration of free fall is g. 


14. 
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A bar supporting a block on its top is placed on a frictionless plank that 
rests on a horizontal floor. The bar is attached to a nail driven into the 
plank with the help of a spring as shown in the figure. Coefficient of 
friction between the bar and the block is u. What maximum acceleration 
parallel to the spring can the plank be given preventing sliding between 
the block and the bar? Acceleration due to gravity is g. 


. Ablock of mass m = 1.0 kg placed on a floor is connected at one end of a 


long spring of stiffness k = 100 N/m. Coefficient of kinetic friction 
between the floor and the block is uw, = 0.47. The free end of the spring 
is pulled gradually away from the block until the block begins to slide. 
If the block stops after sliding a distance s = 6 cm, find coefficient of 
static friction between the block and the floor. 


In the arrangement shown, the blocks have masses mı and mz, the 
spring constant is k and coefficient of friction is u. Initially the lower 
block is held at rest keeping the spring relaxed and the vertical and 
horizontal segments of the cord straight. Find maximum possible speeds 
of the blocks after the lower block is released. 


In the setup shown, an almost inertia-less bar is suspended horizontally 
with the help of two identical springs each of stiffness k, two light 
inextensible cords that pass over fixed ideal pulleys and two 
counterweights each of mass m. A small disc of mass 0.01m is placed at 
the midpoint of the bar. A block of mass 1.99m is suspended from the 
disc with the help of a light cord that passes through a hole in the bar. 
If this cord is cut, up to what maximum height will the disc jump? 


. In bungee jumping, a performer ties one end of an elastic cord with his 


feet and the other end to a fixed support on a very high place and then 
jumps off. A bungee jumper of height h = 1.5 m and mass m = 66 kg has 
to jump from a tower of height H = 62.5 m. The bungee cord available is 
lo = 30 m long and has a force constant k = 33 N/m. If the minimum safe 
clearance from the ground is d = 1.0 m, what maximum length of this 
cord can the bungee jumper use? 


An elastic light cord of length 10 m is taut between two nails that are in 
the same level. A load suspended at the midpoint of the cord, if allowed 
to move gradually, stops after descending a height yı = 1 cm. If the same 
load is dropped from a height above the midpoint of the cord, the load 
on striking the midpoint sticks there and then descends a maximum 
height y = 2 cm. Assuming collision of the load with the cord to be 
lossless, estimate the height above the cord from where the load was 
dropped. 


. A horizontal frictionless thin rod wearing a sleeve of mass m is being 


rotated at a constant angular velocity @ about a stationary vertical axis 
through one of its ends. The sleeve is held stationary with respect to the 
rod at a distance r = rı from the axis with the help of a light cord as 
shown in the figure. At some instant of time, the cord is cut. Find work 
done by the external agency in maintaining the angular velocity of the 
rod constant until the sleeve slides to a distance r= r3. 
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A disc placed on a large horizontal floor is connected from a vertical 
cylinder of radius r fixed on the floor with the help of a light inextensible 
cord of length l as shown in the figure. Coefficient of friction between 
the disc and the floor is u. The disc is given a velocity u parallel to the 
floor and perpendicular to the cord. How long will the disc slide on the 
floor before it hits the cylinder? 


. A marble is being whirled on a circular path in a vertical plane with the 


help of a light inextensible cord of length l = 50 cm around a fixed center 
O. If the cord is cut when the ball is at the bottom of the circular path, 
the ball hits the horizontal ground at point A and if the cord is cut when 
the ball is at top of the circular path, the ball hits the ground at point B 
a distance d = 4.8 m away from the point A. If the points A and B are 
equidistant from the centre O, find height of the centre O above the 
ground. Ignore effects of air resistance. 


. A point mass can slide in a vertical plane on a frictionless curvilinear 


track as shown in the figure. Sections AB and BC of the track are 
circular arcs each of angular span 120° and radius r. From what 
minimum height above the bottom of section AB should a small block P 
be released so that it certainly loses contact with the track? 


. A small ball P is suspended from a fixed nail O with the help of a light 


inextensible cord of length l. There is another nail P at a distance r from 
O. The ball is pulled aside stretching the cord horizontal and released. 
In the ensuing motion, the cord clings to the nail P and the ball begins 
to turn around nail P. Find range of values of r, so that the ball makes 
a complete circular turn around the nail P. Ignore air resistance and 
radii of the nails. 


. A small disc of mass m placed on a plane of inclination 0= cos 1(0.8) with 


the horizontal is connected from a nail driven into the plane with the 
help of a light inextensible cord of length l = 1.0 m. Coefficient of friction 
between the plane and the disc is w= 3/8. The disc is held on the plane 
stretching the cord horizontal as shown in the figure and released. Find 
maximum speed of the disc and angular displacement where tensile 
force in the cord becomes maximum during subsequent motion 


. A light cord of length lis attached to a nail driven into curved surface of 


a cylinder A of radius r (l > zr). The cylinder is fixed with its axis 
horizontal. A small ball B of mass m is hanging at the lower end of the 
cord. How much horizontal velocity must be imparted to the ball B so 
that the cord will certainly slack during the subsequent motion? 


. A prototype train of length l = 168 m is running at a constant speed v 


with its engine off on horizontal portion of a track that has a hilly 
portion as shown in the figure. Dimensions of the hilly portion are a = 
60 m, b= 80 m and c = 100 m respectively. 


28. 


29. 
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What should the minimum speed of the train be to pass over the hill? 
For simplicity, assume size of a bogie negligible as compared to the 
rounded portions of the hill and size of the rounded portions as 
compared to the straight portions. All kinds of resistive and frictional 
forces are absent. Use acceleration of free fall g = 10 m/s2. 


A system of blocks A and B of masses mı and mə connected by a spring 
of force constant k; is placed on a spring of force constant ks, which rests 
on the ground. Both the springs are vertical and the whole system is in 
equilibrium. Find increment in gravitational potential energy of the 
system in lifting the block A upwards until the lower spring becomes 
relaxed. 


When a particle passes a point (x, y) in a force field created by stationary 
sources, potential energy of the system associated with the force field is 


: : 3/2 re = s A 
given by equation U = kx I(x? + y?) . If at a position F =r (i +3), the 
particle is observed moving perpendicular to 7, find the tangential and 
normal components of acceleration of the particle at this point. 


A ball of mass m projected horizontally from the top of a tower with 
kinetic energy K flies in the air for a time interval rz before it hits the 
horizontal ground. If force of air drag is proportional to the speed, and 
the proportionality constant is k, find horizontal range of the ball. 


Two long and four half as long light rods are hinged at their ends to form 
a pantograph consisting of two identical rhombi. The pantograph is 
suspended from the ceiling, the lowest hinge of the pantograph is 
connected to the hinge above it by a light inextensible cord and a load of 
mass m is suspended from the lowest hinge as shown in the figure. Find 
the tensile force developed in the cord connecting the two hinges. 


% 


Check your understanding 


1. 


2. 


A stone of mass m = 5 kg is fixed at one end of a uniform flexible chain 
of linear mass density 2 = 0.5 kg/m. Assembly thus formed is placed on 
the ground. If the stone is projected vertically upwards with a velocity 
Uo = 20V6 m/s, how high will the stone rise for the following two given 
lengths of the chain? Assume air resistance negligible and acceleration 
due to gravity g = 10 m/s?. 


(a) Length of the chain is 60m. (b) Length of the chain is 30 m. 


A particle like ball is connected to one end of a light inextensible cord, 
other end of which is connected to a very thin frictionless fixed vertical 
rod. The entire length of the cord is wound around the rod into a large 
number of closely spaced turns and the ball is held touching the rod. 
When the ball is released, the cord gradually unwinds and the ball starts 
circling the rod. What angle does the cord make while it is unwinding 
the rod? 
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3. A dumbbell constructed by affixing small identical balls each of mass m 
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at the ends of a light rod of length / stands vertically on a frictionless 
floor touching a frictionless wall as shown in the figure. If the lower ball 
is gently pushed away from the wall, the dumbbell begins to slide. 
Denoting acceleration due to gravity by g, find expression for speed of 
the lower ball, when the upper ball is leaving the wall. 


A sleeve of mass M = 10 kg can slide on a horizontal frictionless rod. A 
block of mass m = 2.0 kg is suspended at the mid-point of a light 
inextensible cord of length l = 102.5 cm, one end of which is attached to 
the sleeve and the other to one end of the rod. Initially the sleeve is held 
at rest and the angle between the rod and a cord segment is 0 = & = 
sin (0.8) as shown in the figure. If a constant horizontal force F = 50 N 
is applied on the sleeve, find its speed when the angle between cord 
segments and the rod becomes @= sin“1(0.6)? 


In the arrangement shown, the middle block is initially held at rest 
keeping the portion of cord between the pulleys straight and then 
released. Find its acceleration when the two segments of the cord 
between the pulleys make a right angle. Neglect friction everywhere and 
denote acceleration of free fall by g. 


A light inextensible cord tied at on one end to a peg A on a wall, passes 
over a frictionless peg B fixed in level with the peg A and supports a load 
at the other end. Between the pegs, the cord is wearing a small ring of 
mass equal to that of the load. Initially the ring is held in level with the 
pegs as shown in the figure and then released. Determine acceleration 
of the ring when it passes an equilibrium position. Acceleration of free 
fall is g. 


A boat installed with two engines commutes between two towns P and 
Q connected by a river. The boat takes tı = 50.00 min on its way from P 
to Q with only one engine on and tz = 25.00 min with both the engines 
on. Force of water resistance is proportional to velocity of the boat 
relative to the water. Assume water flow velocity to be uniform and the 
boat always moves with respect to water with its maximum possible 
velocity. 


(a) What minimum time will the boat take on its way from Q to P with 
one engine on? 

(b) What minimum time will the boat take on its way from Q to P with 
both the engines on? 


A block of mass m is placed on a bar of mass M, which rests on a 
frictionless horizontal floor. The floor terminates into a wall where an 
ideal spring is attached as shown in the figure. When the spring is 
compressed by an amount l, all inter-turn spacing of the spring 
vanishes. Coefficient of friction between the bar and the block is w. If the 
bar is pushed towards the wall so that it strikes the spring with a 
velocity u, what should be range of spring constant so that the block does 
not slide relative to the bar? 


A portion of the floor in a laboratory is made frictionless. A homogeneous 
bar of length l = 1.0 m placed on the frictionless portion perpendicular 
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its boundary is being dragged by pulling it with the help of a light spring 
of force constant k = 4.0 N/m as shown in the figure. If the pulling agency 
drags the entire bar out of the frictionless portion by performing 
minimum amount of work that is Win = 17.5 J, how much energy is lost 
as heat in this pulling process? 


A block of mass 1.0 kg placed on a horizontal floor is attached to a fixed 
nail with the help of a spring of stiffness 5.0 N/cm. Coefficient of friction 
between the block and the floor is 0.25. The block is pulled away from 
the nail stretching the spring by an amount 8.5 cm and released. Find 
the final deformation of the spring when the block stops. How many 
times did the spring become relaxed during this process? Acceleration of 
gravity is 10 m/s?. 


A light elastic cord of force constant k and relaxed length lis suspended 
from the ceiling. A bead of mass m threaded on the cord is held 
motionless close to the ceiling and released. If the bead slides down the 
cord with a constant speed v relative to the ceiling, find expression for 
thermal power dissipated during sliding of the bead. 


2. A special box used to store several plate-like articles contains a light 


spring loaded piston inside it. When the box is empty, the piston touches 
the top inner surface of the box. The plates can be inserted or pulled out 
through an opening at the top of the box as shown in the figure. Initially 
the box contains n = 20 identical square plates each of edge length l = 5 
cm. Coefficient of friction between all the surfaces in contact is uw = 0.5. 
All the plates are pulled out one by one in two different trials, in the 
first trial the opening was at the top and in the second trial the box was 
inverted. If difference of work done by the agent pulling the plates in 
both these trials is AW = 10 J, calculate mass of a plate. 


A light elastic cord of length lo = 5.0 m and stiffness k = 50 N/m is inside 
a fixed box with a small portion of length xo = 20 cm left out of a hole on 
a wall of the box as shown in the figure. If the cord is pulled out of the 
box, a frictional force F = 25 N acts on the cord. How much work has to 
be done in slowly pulling out the entire length of the cord? 


. A small disc of mass m on an inclined plane of inclination 6 with the 


horizontal is connected to a nail driven into the plane with the help of a 
light inextensible cord of length l. Coefficient of friction between the 
plane and the disc is w= tan@. The disc is given such a horizontal velocity 
at the lowest position that it moves on a complete circular path around 
the nail without wrapping the cord on the nail. 


(a) Where is the disc when tensile force in the cord becomes minimum? 
(6) How much minimum velocity should be given to the disk at the 
lowest position to round a complete circle? 


. A particle like ball is projected horizontally from a point at a height h 


above the centre of a hemispherical dome of radius R = 10V2 m. The 
height h is greater than the radius of the dome. The ball touches the 
dome and thereafter strikes the ground. Find the minimum speed of the 
ball when it hits the ground, corresponding velocity of projection and the 
height h. Acceleration due to gravity is g = 10 m/s?. 
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Challenge your understanding 


Consider a fixed hemispherical bowl of radius R with its opening 
horizontal. One end of a light rod of length l = R is hinged at a point A 
on the brim of the bowl. A small bead of mass m is attached at the other 
end the rod. Initially the bead is held at a point B also on the brim and 
then released. Find the tensile force in the rod when the bead passes the 
lowest position. Acceleration of free fall is g. 


. A massive homogeneous rope of length / is suspended between two nails 


A and B driven in the same horizontal level. The rope makes angle 0 
with the horizontal at the nails and its lowest point is at a depth d below 
the nails. A bead threaded in the rope released from the nail A slides 
down the rope without friction. If the bead is so light that the shape of 
the rope remains unaffected, find acceleration of the bead when it passes 
the lowest point of the rope. 


Two identical beads A and B each of mass m connected by a light rod of 
length rv2 can slide without friction on a fixed ring of radius r. The beads 
are also connected to fixed points C and D with identical elastic cords 
each of force constant k and relaxed length rV2 as shown in the figure. 
Initially the cords coincide with diameters of the ring and the system is 
in equilibrium. Now the bead-rod assembly is displaced slightly aside 
and released. Find acceleration of the point of intersection P of the cords 
immediately before a cord becomes relaxed. 


A ball dropped from a certain height, bounces off the ground repeatedly 
and losing some of its energy in every bounce, it stops bouncing after a 
certain number of hits. Consider a ball of mass m = 0.2 kg and radius r 
= 10cm. When it hits the ground it gets deformed and while leaving the 
ground, it completely regains its shape and in one collision half of the 
elastic potential energy stored during deformation is lost. In addition, 
assume that during a collision with the ground, the part not touching 
the ground remains spherical and the bottom flat creating a uniform 
pressure of p = 0.2 atm. If the ball is dropped from a height h = 1.0 m, 
how many times will it bounce off (i.e. leave) the ground? 
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ANSWERS 
AND HINTS Multiple Choice Questions 
(6) 8. (d) 15. (b) 20. (a)>(q) 
(c) 9. (c) and (d) 16. (c) (b)>(p), (Q), (r) and (s) 
(c) 10. (a) 17. (e) (c)>(q), (r) and (s) 
(a) 11. (d) 18. (b), (c) and (d) (d)—(p), (q), (r) and (s) 
(b) 12. (c) and (d) 19. (a) > (p) 21. (b) 
(d) 13. (b) (b) = (t) 22. (d) 
(a) 14. (b) (c) > (s) 23. (c) 
(d) — (q) and (r) 


Build-up your understanding | your understanding 


N ë e 


p 


R: 


pr 


S 


Ba 


25% 


For stable equilibrium: m,r, < Mg% 
For unstable equilibrium: m,r, > Mgr, 


For neutral equilibrium: m,r, = Mpp 


fs = 2.0 m/s 
m 


Component of tensile force in the cord 
along the direction of the pull is always F/2. 


5m 

In the given situation, even though the 
coefficient of friction depends on location yet it 
remains constant with time at a particular 
location. Therefore, work done by friction on a 
body sliding on the surface in a segment of path 
remains unchanged. 


ie 
2 


= 12.2 m/s 
mgh 
F-(m+M)g 


Gravitational potential energy lost has 
been consumed in doing work against the 
friction. 


8. 
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13. 


h 
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Kinetic energy gained every time falling a 
distance h is lost in the inelastic collisions. The 
work done by average force pulling the upper 
block horizontally is continuously supplying the 
losses. 


= = 5.0 kg 
The work done by the pushing agency is 
partly utilized in increasing kinetic energy of 
the block and partly consumed in losses. 
Furthermore, the losses are independent of 


reference frame. 


Bums Je downwards 
k 
( m+M ) g 
k 
At the time of maximum compression, the 


spring force must be equal to weight of the box. 


1.5 m, 40 N/m, 0.5 kg 


(22) 
mg 
Mt+m 
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The only force providing acceleration to 
the block-bar system is the spring force. 
Therefore, if the block does not slide on the bar 
acceleration provided by the spring force at the 
instant of its maximum elongation must not 
exceed wg. 


ks 
= um, +—— = 0.50 
Hees 


During sliding, change in stored potential 
energy in spring is consumed into work done 
against force of kinetic friction. 


(m, = Hm, )g 
k (m, +m, ) 
After the block m; begins sliding, it speeds 


up, till resultant of spring force and force of 
kinetic friction balances the weight of mg. 


_ 100mg 
k 


(ana) (rens) (eze) i} 20m 


Speed of the performer must vanish as he 
approaches the safe clearance height above the 
ground. 


19. =| =| = 


Find force constant by analysing equi- 
librium in the first case and then use work- 
energy theorem in the second case. Take care of 
suitable approximations. 


. mo” (rè — 1?) 


During the process, the radial (along the 
rod) as well as the transverse component of 
velocity of the sleeve increases. 


23. 
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es If u < L|#E 
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The sliding mass moving with the smallest 
possible speed will leave contact immediately 
after it crosses the point B. 


: 3l 

2cos0+3 
No energy will be lost in the collision of the 
cord with the nail and after this collision; the 
ball has to follow a circular path. 


; J (6v3 -27r) and cos” E = cos" (1/3) 
3tand 


T4 When speed acquires its maximum value, 
tangential acceleration vanishes. 


; 2g(1-r) <u< g(5l-382r) 


At every instant, the point of contact of the 
cord with the cylinder is at rest, therefore the 
ball can be thought moving on a path of radius 
of curvature equal to unwound length of the 
cord and with its velocity vector always perpe- 
ndicular to the unwound length. Therefore, 
power of tensile force of the cord at every instant 
is zero, and hence work done by this tensile force 
over any length of path must be zero. 


7 Jee -20 m/s 
c 


In the configuration of maximum 
gravitational potential energy, the maximum 
portion of the train must be elevated above the 
ground. 

Since length of the train is more than the 
segment of the track on the hill, therefore in 
maximum potential energy configuration, the 


28. 


train must cover the whole segment of the track 
on the hill. 


(m, + m, ){k, (m, +m,)+mk,\ g’ 
kik, 
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my) mv, 
(a) (=) ° Ag 


The chain is partially in air and partially 
on the ground. 


M 40m 
A 


2 2 
(b) mu, + Agl 
2¢(m+ Al) 


The chain is completely hanging with the 
stone in air. 


x tan? V2 


As the rod is very thin, the path of the ball 
can be assumed almost a horizontal circle expa- 
nding as well as descending at negligible speeds. 
Under these reasonable assumptions, write 
kinetic energy of the ball at an instant and 
equate it with work done by gravity till that 
instant without appreciable loss in accuracy. 


= 41.25 m 


8gl 


27 


The moment when the upper ball is 
leaving the wall, speed of the lower ball acquires 
its maximum value. 


aS 0, -sin a) 
4M +mcosec’ 0 
=1.2 m/s 


g 
2 upwards 
4 p 


3(2V3 -3) 
~g g 
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(V2 +1)¢, —2V2¢, 


Maximum speed of the boat with both the 
engines on is V2 times of the maximum speed 
with one engine on. This information together 
with the time intervals tų and tə suggests that 
the river is flowing from the town Q towards the 
town P. 


(a) =13.06 min 


(b) = 10.35 min 


(m+M)u* _, -(m+M) pg" | u< ugl 
P ca wu 
=}, _(m+M)g_ u = y ugl 
l ? 
Phenomenon is not possible; u > ugl 


Lk? +8kW,,. -kP 
7 =5J 


In order to minimize the work, the bar 
must be pulled with negligible speed. When the 
bar leaves the frictionless portion, its kinetic 
energy is almost zero and spring is extended 
under the applied force, which is equal to the 
frictional force. Therefore, the minimum work 
done equals the sum of magnitudes of stored 
potential energy in the spring and the heat lost, 
which is the work against the frictional forces. 


10. 4.5 cm and 4 
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Normal reaction and hence the friction 
force between any pair of surfaces sliding on 
each other is partly contributed by spring force 
and partly by gravity. Work done by the part of 
friction forces contributed by the spring force 
cancels out in the given difference operation. 


2 
F [1 _% )=139.95 J 
k\ 2, 


The agency pulling the cord first has to 
extend it till the pulling force becomes slightly 
greater than the frictional force and thereafter 
continue pulling the free end with a constant 


force till the last end of the cord comes out of the 
hole. 


F(l —x,)+ 


. (a) At angular displacement sin 1(2/3) after it 


crosses the top point on the line of the 
greatest-slope through the nail. 


ê R(2 — V2 y r 
m2 
The intersection point P will move on a 


circular path with centre at the mid-point of 
chord DC. 


15. 


16. 
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(b) J4zglsind 
J4zglsinég , ge =10 m/s and ak =15m 
\ v2 2/2 


The ball would strike the ground with 
minimum speed only when it were projected 
with minimum mechanical energy. 


mgv3 


4gdtan0 
l 


Resultant of vertical components of the 
tensile force at two infinitely close points on 
both sides of the bottom equals the weight of the 
portion of the rope between these points. Make 
use of this fact to find the radius of curvature at 
the bottom. 
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Vertical displacement (h/2”) of centre of 
the sphere after the ntt bounce when becomes 
smaller than static deformation (decrease in 
radial dimension at the contact with ground) 
due to weight in equilibrium position, the 
sphere will not be able to lose contact with the 
ground. 
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and'System of Particles 


Concept of impulse of a force, the centre of mass, dynamics of a system 
impulse momentum principle, conser- of particles from centre of mass frame, 
vation of linear momentum, collision, variable system of particles. 

system of particles and concept of 


BACK TO BASICS 


Impulse of a force: 
Linear impulse or simply impulse of a force F over a time interval from t; 
to tr of action of the force is defined by the following equation. 


I, = f Fat 


Impulse momentum principle: 
If all the forces applied on a particle, change its momentum from p, to D; 


during a time interval from ti to tr, the total impulse of all the forces is equal 
to change in momentum of the particle. 


ty = = = 
To =|, Fat = B, -B 


Principle of conservation of linear momentum: 
If net external force on a system is a null vector in a time interval, the total 
linear momentum of the system in that time interval remains conserved. 


=D; = ED ising the time interval = XD; 


“| consider that | understand 
an equation when | can 
predict the properties of its 
solutions, without actually 
solving it.” 


Paul Dirac 
(8 August 1902 - 20 October 1984) 
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Collision between two bodies: 


Collision or impact is interaction of a short duration between two bodies in 
which the bodies apply relatively large forces on each other. 


Duration of the interaction is as short in comparison to the time scale of 
interest as to permit us only to consider the states of motion immediately 
before and after the impact and not during the impact. Duration of an 
impact ranges from 10° s for impacts between elementary particles to 
millions of years for impacts between galaxies. The impacts we observe in 
our everyday life last from 10° s to a few seconds. 


Head-on (Direct) central collision: 


Process of collision between two bodies 1 and 2 is shown in the figure. 


1 2 1 2 1 2 


uy, Ug u >| - u Vy Ug 
Deformation Restitution 
Process Process 


Instant when Instant of maximum Instant when 
collision starts deformation collision ends 
Conservation of momentum: 


MU, +M,U, =(m, +m, )u = mv, +m,v, 


Coefficient of restitution: 


Ratio of magnitude of impulse on a body from the other body, during 
period of restitution to that during period of deformation is called 
coefficient of restitution and is denoted by e. 


me f Rat _u,—v, _ Velocity of separation 
f Dat u-u, Velocity of approach 


Coefficient of restitution depends on various factors such as elastic 
properties of materials forming the bodies, velocities of the contact 
points before impact, state of rotation of the bodies and temperature 
of the bodies etc. In general, its value ranges from zero to one. 


For a perfectly inelastic collision, e = 0 and for a perfectly elastic 
collision e = 1. 


Oblique central collision: 


Consider two bodies 1 and 2 undergoing an oblique impact. Their velocity 
components along the tangent and the normal axes at the point of contact 
immediately before and after the impact are shown in the following figures. 


Immediately before collision Immediately after collision 
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Along the t-axis: u,,=u,, and v,, =U, 


Along the n-axis: For components of velocities along the n-axis, the 
collision can be treated as a head-on central collision. 


MUn + M Uin = M Uon + MUn 
Uon UL, = e (un -up ) 


Concept of mass centre: 


Mass centre of a system of particles is a mathematical point, translational 
motion of which is the same as that of a particle of mass equal to that of the 
system under the action of the unbalanced forces. In addition, if different 
forces having a net resultant are applied at different particles of a rigid 
body, the body may rotate but the mass centre translates as if it were a 
particle of the mass same as that of the body and the net resultant were 
applied on it. 


The concept of mass centre is used to represent gross translational motion 
of a system. Therefore, total linear momentum of a system must be equal to 
the linear momentum of the system due to translation of its mass centre. 


Centre of mass of a system of discrete particles: 
Position vector 7, of mass centre of a system consisting of several particles 
of masses M1, Mg, ...m;, ...m, at locations 7,, 7, ...7,,...7, respectively is 
given by the following expression. 

=_ =m, 


c 


=m. 


l 


Centre of mass of a continuous mass distribution: 
Position vector 7, of mass centre of a continuous distribution of mass is 
given by the following expression. 
[Fam 
= fam 


Centre of mass frame or centroidal frame: 


In a centre of mass frame or centroidal frame of a system, mass centre of 
the system remains at rest but not necessarily at the origin. A centre of 
mass frame in which the mass centre remains at the origin is a special case. 


Sum of mass moments as well as total linear momentum of the system in 
centroidal frame vanishes. 


=0 and ÈEm.U 


Em; iVile T 0 


i ilc 


Application of Newton’s laws of motion to a system of particles 
Sum of all internal forces between all the particles of a system must be a 
null vector. Keeping this fact in mind and denoting the mass of the system 
by M and acceleration of the mass centre by a, relative to an inertial frame, 
Newton’s second law representing translational motion of the system can 
be represented by the following equation. 


4.4 
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= p: . qd 
LF = =(m,G; ) = Ma, = Pe 
dt 

Here in the above equation p, ==&m,v, is total linear momentum of the 


system. 


Kinetic energy of a system of particles: 


Kinetic energy of a system of particles is the sum of kinetic energies of all 
the particles of the system. 


K= x(Lm,v?) 


If the system consists of a continuous distribution of mass instead of discrete 
particles, expression of kinetic energy becomes 


K= [(Z0°’dm) 


Kinetic energy of a system of particles using centre of mass frame: 
K= X(Lmv?)+ (imu? ) 


i” ile 


Here the first term on the right hand side is kinetic energy due to 
translation of the mass centre and the second term is kinetic energy of the 
system relative to the centre of mass frame. 


For a two-particle system, the above equation reduces to 


2 
rel 


K =}(m, +m, )v? +4 uv 
Here wis reduced mass of the two-particle system and Vre is magnitude of 
velocity of either of the particles relative to the other. 
Se ae ae 
m, +m, 


Impulse-momentum principle for a system of particles: 


Sum of internal forces between all pairs of interacting particles of a system 
must be a null vector, so is their total impulse in a time interval. Therefore, 
the net impulse of all the external forces in a time interval must be equal to 
change in total momentum of the system in that time interval. 


Variable system of particles: 

Variable system of particles is a system that continually exchanges particles 
with its surroundings. 

While applying energy and momentum methods in analysing dynamics of 
these systems, consider the same set of particles in the beginning, during 
and in the end of a time interval under consideration. 
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A box of mass 4 kg placed on a horizontal floor, is acted upon by a 
horizontal force F that varies with time t as shown in the given graph. 
If coefficients of static and kinetic frictions are 0.25, on which of the 
following conclusions can you arrive? 


(a) The box starts moving at the instant t = 2.0 s. 

(b) The maximum velocity acquired by the box is 5.0 m/s. 

(c) The box stops at the instant t = 9.0 s. 

(d)Modulus of average power of the force F is more than that of the 
frictional force. 


A mountain climber is sliding down a vertical rope. Her total mass, 
including equipment, is 65 kg. By adjusting frictional force of the rope, 
she controls the force that the rope exerts on her. For a 2.0 s interval, 
this force T is shown as a function of time t in the given graph. What is 
change in her speed in this interval? Assume acceleration of free fall to 
be 10 m/s? and neglect air resistance. 


(a) 5 m/s (b) 10 m/s 
(c) 15 m/s (d) 20 m/s 


A boy of mass 50 kg is standing at one end of a 9.0 m long boat of mass 
100 kg that is floating motionless on a calm lake. The man walks to the 
other end of the boat and stops there. The boat also moves and finally 
stops due to water resistance. If force of water resistance is proportional 
to velocity of the boat relative to the water. What is the magnitude of 
the net displacement s of the boat? 


(a)s=0.0m (b)s=3.0m 
(c)s<3.0m (d)s>3.0m 


A block of mass 2.0 kg is sliding on a frictionless horizontal floor with a 
velocity of 5.0 m/s due east. It is subjected to a variable net force for 10 
seconds resulting in an impulse of 6.0 N's in the north and 18.0 N's in 
the west. What is the total work done by this force? 

(a) 0.0 J (b) 90 J 

(c) 100 J (d) 200 J 


An astronaut leaves his spaceship for some experiment and floats freely 
in space at rest relative to his spaceship. His friend in the spaceship 
ignites a rocket installed on the spaceship for a very short duration. 
Which of the following observations can you make relative to a reference 
frame moving together with the astronaut outside the spaceship? 


(a) The spaceship has lesser kinetic energy than the ejected gases. 
(b) The spaceship and the ejected gases have equal kinetic energies. 
(c) The spaceship has greater kinetic energy than the ejected gases. 
(d) Magnitudes of momenta of spaceship and ejected gases are equal. 


> 
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Top of a large block A of mass 4 kg consists of a frictionless slope of 
height 40 cm which smoothly merges into a horizontal flat portion. The 
block rests on a frictionless horizontal floor. When a small block B of 
mass 1.0 kg is released on the top of the slope, it slides down the slope 
and then stops after sliding a distance 1.0 m on the horizontal portion 
of the top of the block A. Find coefficient of friction between the block B 
and horizontal portion of the top of the block A. 

(a) 0.2 (b) 0.3 

(c) 0.4 (d) 0.5 


. A small block of mass m is placed on a plank of mass M, which rests on 


a frictionless horizontal floor. Coefficient of friction between the block 
and the plank is u. The block is given a sharp impulse, so that it starts 
sliding on the plank with an initial velocity u. Due to friction between 
the block and the plank, the block slows down and finally stops sliding 
on the plank. What average thermal power is dissipated in this process? 


umgu uMgu 
(a) =a (b) =a 
u(m+M) gu um(m+M) gu 
(c) -= (d) ae 


. A small block rests on flat bottom of a deep bowl that is placed on a 


horizontal floor. There is no friction between the block and the bowl as 
well as between the bowl and the floor. Total mass of the bowl and the 
block is M. If the bowl is given a horizontal velocity by a sharp hit, the 
block rises to a maximum height h sliding on the walls of the bowl. 
Which of the following statements are correct? 


(a) Maximum kinetic energy of the bowl is Mgh. 

(b) If the bowl is lighter than the block, minimum kinetic energy of the 
bowl is zero. 

(c) To predict minimum kinetic energy of the bowl, we must know ratio 
of the masses. 

(d)To predict maximum as well as minimum kinetic energy of the bowl, 
we must know ratio of the masses. 


. A sledge on which you are riding is given an initial push to slide on a 


straight level frictionless track. Snow is falling vertically on the sledge 
in the frame of the track. You have to adopt any one of the following 
three strategies to keep your sledge moving fastest. 


I: You sweep the snow off the sledge so that it leaves the sledge 
perpendicular to the track, as seen by you in the frame of the sledge. 

IT; You sweep the snow off the sledge so that it leaves the sledge 
perpendicular to the track, as seen by someone in the frame of the 
track. 

IIT. You do nothing 


Order the strategies from the best to the worst. 


(a) II, III and I (6) III, II and I 
(c) I, II, and IH (d) II, I, and IT 


10. 


11. 


12. 


13. 


14. 
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A particle of mass m moving with velocity v makes a head-on elastic 
collision with a stationary particle of mass 2m. Kinetic energy lost by 
the lighter particle during period of deformation is 


(a) įmo? (b) mv" 


(c) mv’ (d) &mv” 


A block of mass m is given a velocity towards another block of mass M 
kept at rest on a frictionless horizontal floor some distance apart from a 
wall as shown in the figure. If all the collisions are elastic, under which 
of the following conditions, will the blocks collide only once? 


(a)m<M (b) M<3m 
(c) M > 3m (d) M < 3m < 3M 


Two bodies A and B of masses 5.00 kg and 10.0 kg moving in free space 
in opposite directions with velocities 4.00 m/s and 0.50 m/s respectively 
undergo a head-on collision. The force F of their mutual interaction 
varies with time ¢ according to the given graph. What can you conclude 
from the given information? 


(a) Period of deformation is 0.20 s. 

(b) Coefficient of restitution is 0.5. 

(c) Body A will move with velocity 0.5 m/s in the original direction. 
(d) Body B will move with velocity 1.75 m/s in reverse direction. 


A particle projected at an angle 0 with the horizontal from the centre of 
the floor of a cylindrical room of radius r returns to the point of 
projection after three elastic collisions with the walls and the ceiling. If 
the particle remains in air for time T, find the speed of projection. 


3r 4r 
b 
(a) T cos@ (o T cos@ 
gr gr 
2 d) > 2, —=— 
© sin 20 (a) sin 20 


Travelling a distance on a bicycle is less toiling than running the same 
distance in equal time. Which of the following factor is responsible for 
this well-known fact? 


(a) Gravity (b) Friction force 
(c) Mechanical advantage (d) All the above 
of the bicycle 


. An expert juggler, carrying five identical balls, has to cross a swing 


bridge, maximum safe load rating of which is 50 kgf. The juggler weighs 
47 kgf and each ball weighs 2 kgf. He believes that he can cross the 
bridge safely by juggling the balls in such a way that he never has more 
than one ball in his hands. His skill enables him to juggle smoothly 
without any jerk. What can you say about his belief? 

(a) Correct, as total load on the bridge never exceeds 49 kgf. 

(b) Correct, as total load on the bridge slightly exceeds 49 kgf. 

(c) Incorrect, as average load on the bridge is 47 kgf + 5x2 kgf = 57 kgf. 
(d)I am indecisive, as more information is needed. 


47 
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A shell fired from the ground explodes into two fragments A and B 
somewhere before the highest point of its trajectory. The fragment A 
immediately comes to an instantaneous rest and then falls. Knowing 
that horizontal range of the shell would have been R, if it were not 
exploded, predict location of mass centre of the two fragments relative 
to the location of firing, when the fragment A hits the ground. 


(a) On the ground at a distance that is equal to R. 

(b) In the air at a horizontal distance that is equal to R. 
(c) In the air at a horizontal distance that is less than R. 
(d)In the air at a horizontal distance that is more than R. 


A uniform rope suspended between two level nails A and B assume a 
curved shape ABC as shown in the figure. The midpoint C of the rope is 
pulled vertically down to a position D to make a V shape and released. 
When the rope again acquires the curved shape ACB, the midpoint is 
pulled vertically up to a position E to make an inverted V shape. If in 
these two pulling processes, total work done by the pulling agency is W, 
how much work will be done by the pulling agency in lifting vertically 
the midpoint from equilibrium to a position F in level with the nails? 
(a) W/4 (b) WIB 

(c) WI2 (d) None of these 


Total mass of a system consisting of several particles is 10 kg. To apply 
Newton’s laws of motion in centroidal frame, you have to assume a 


pseudo force of (47 — 23) N acting on a particle of mass 2 kg of the system. 
What is the net external force acting on the whole system? 


(a) (10° -20j) N (b) (107 + 20j) N 
(e) (201 -10j) N (d) (-20i +10j) N 
Consider two particles A and B of masses m and 2m at rest in an inertial 
frame. Each of them are acted upon by net forces of equal magnitudes F 


in the positive x-direction for equal amounts of time t. Momenta of the 
particles A and B in centre of mass frame respectively are 


(a) AM er ane (b) =i and an 
Ft + Ft + Ft + Ft » 

c) — d -= d) -—i and — 

(c) aan a (d) — n A 


. Water is flowing through two rigidly connected coplanar U tubes. In the 


left tube of cross-sectional area A, speed of water flow is u and in the 
right tube of cross-sectional area A/2 speed water flow is unknown. If 
the net force on the tube assembly due to water flow is zero, what must 
be the speed of the water flow in right tube? Neglect effect of gravity. 


(a) 7 (b) 5 
(€) uv2 (d) 2u 
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Questions 21 and 22 are based on the following physical situation 

A plank of mass 1.5 kg is placed on a horizontal floor that is lubricated 
with oil. Top of the plank is in level with a platform as shown in the 
figure. Force of viscous drag on the plank due to layer of lubricating oil, 
when the plank slides is given by equation f = —kü , where f isin N, v 
is velocity of the plank in m/s and k = 2.0 kg/s. A small block of mass 0.5 
kg lands from the platform on the plank with a velocity 10 m/s and after 
sliding some distance on the plank, the block stops on the plank. 


. How far does the plank slide on the floor? 


(a) 1.0m (b) 1.5m 
(c) 2.5 m (d)3.0m 


. Which of the following graph best describes relation between magnitude 


of frictional force F between the block and the plank with time t? 


FA 


(6) Nee 


(c) (d) 


> $$ > 
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Questions 23 and 24 are based on the following physical situation 


Ends of three light identical rods each of length / are connected to a light 
pivot that enables them to rotate in any direction. At the other ends of 
the rods, three particles A, B and C of masses m, 2m and 3m respectively 
are affixed. Initially, the rods are coplanar, angle between any two 
adjacent rod is 120° and the particles are at rest. Now the particle C is 
given a velocity u perpendicular to the rod connected to it and in the 
plane of the rods as shown in the figure. Ignore gravitational interaction 
between the particles. 


Denoting acceleration vectors of the particles A, B and C by a,, a, and 
a, respectively, which of the following conclusion can you make? 

(a) G, +4,+4, =0 (b) 3G, +24, +G, =0 

(c) 4, + 2a, +3đ = 0 (d) None of these 


. What are moduli of acceleration vectors of the particles A, B and C 


immediately after the particle C is given velocity u? 


u’ 3u? 3u’ u’ 
All lto —. b , d 
(a) equal to i (b) i al an 7 
2 2 2 2 2 2 
(c) 6u° 3u and 2u (d) 12u° 6u and 4u 
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Questions 25 to 27 are based on the following physical situation 


A marble is bouncing down a stairs in a regular manner, hitting each 
step at identical points and then rising the same height H above each 
step. Height and depth of a stair each are equal to h as shown in the 
figure. Coefficient of restitution for each bounce is e. 


. Air time between two successive bounces is 
2h(1+e) 2h(1-e) 
(a) ®©) | —— 
g(1-e) g(1+e) 
(o) 1.5h(1+e) (a) 1.5h(1-e) 
Q p, A A _——— et, 
g(1-e) g(1+e) 
Horizontal component of velocity of the marble is 
2gh(1-e) 2gh(1+e) 
by (a We 
(a) (1+e) (b) (1-e) 
gh(1-e) gh(1+e) 
dy oe 
i? 2(1+e) We 2(1- 
The height H attained by the marble after a bounce is 
eh 2eh 
ene p e 
(a) o = 
2h eh 
— d 
Cee Mae 


Questions 28 and 29 are based on the following physical situation 

A 30 kg shell in free space explodes into three identical fragments. After 
the explosion, the fragments rush apart. Forces of mutual interaction 
between the fragments are long range attractive conservative forces. 
Immediately after the explosion, velocities of the fragments relative to 


an inertial frame are (3i + 23) m/s, —2i m/s and (5i = 5j) m/s. 


If entire energy released in the explosion is converted into kinetic energy 
of the fragments, how much energy has been released in the explosion? 
(a) 260 J (b) 290 J 
(e) 885 J (d) 410 J 


After sufficiently long time, when the forces of mutual interactions cease 
to act, what can be minimum total kinetic energy of all the fragments? 
(a) 15 J (b) 45 J 

(c) 75 J (d) More information required 


Build-up your understanding 
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A wooden bar of thickness d = 20 cm is symmetrically placed on a hole 
made in a horizontal tabletop. A bullet of mass m = 20 g shot vertically 
up through the hole, pierces the wooden bar. Within the bar, speed of 
the bullet reduces uniformly from u = 100 m/s at the bottom to v = 80 
m/s at the top. What should the minimum mass of the bar be so that it 
will not leave the tabletop? Acceleration of free fall is g = 10 m/s?. 


A plank of length / = 2.0 m rests on a calm water close to a frictionless 
platform A that is a distance b = 17 m from another platform B as shown 
in the figure. A block of mass m = 25 kg sliding on the platform A lands 
on the plank and stays on it. Force of water resistance on the plank is 


given by equation F =-kū, where F in N is the force of water resist- 
ance, U in m/s is velocity of the plank and k = 15 N:s/m. Calculate the 
minimum speed of the block on the platform A so that the plank reaches 
the platform B. 


A thin light inextensible frictionless cord of length l wearing a small 
bead is tied between two nails that are in the same level a distance 0.51 
apart. Initially the bead is held close to a nail and released. Find speed 
of the bead immediately after the cord becomes taut. 


A remote controlled car of mass m can move on a long plank of mass M 
that rests on a horizontal floor. The mechanism of the car is so designed 
that it always moves on the plank with a constant velocity v with respect 
to the plank. Coefficient of friction between the plank and the floor is u 
and acceleration of free fall is g. How will velocity of the car with respect 
to the floor vary with time ¢ after it is switched on? 


A shell projected vertically upward explodes into three identical 
fragments at the top of its flight. After the explosion, one fragment 
moves vertically downwards and hit the ground in time ¢,, while the 
other two hit the ground in time tz. Denoting acceleration due to gravity 
by g, find the height above the ground where the shell exploded. 


Two identical frictionless slides A and B each of height h and mass M 
are placed on a horizontal frictionless floor. A small disc C of mass m << 
M is released on the top of the slide A. Find expressions for the speeds 
eventually acquired by both the slides when interaction of the slides 
with the bead ceases. 


Two particles A and B repel each other by a force F = 6.0 N when 
distance between them is less than rp = 1.0 m and apply no force on each 
other when distance between them is greater than ro. Mass of particle A 
is m = 1.0 kg and mass of particle B is 7 = 3 times the mass of A. If the 
particle B is projected with velocity u = 2.0 m/s towards the particle A 
kept at rest in free space, find the minimum distance between them. 
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A barge stays motionless on a lake. An electric motor affixed on the deck 
can pull a block with the help a light inextensible string as shown in the 
figure. Coefficient of friction between the block and the deck is 0.2 and 
water offers no resistance to motion of the barge. Mass of the barge 
including the motor is 200 kg and mass of the block is 50 kg. When the 
motor is switched on, it pulls the block by a constant force of 150 N. If 
the motor is switched off after 4 s, determine displacement of the block 
on the deck and draw velocity-time (v-t) graph for the barge. Accelerat- 
ion due to gravity is 10 m/s2. 


A block of mass m = 1.0 kg is placed on a plank of mass M = 15 kg that 
rests on a frictionless floor. The block is connected to an obstruction on 
the plank with the help of a light spring of stiffness k = 500 N/m as 
shown in the figure. Coefficient of friction between the plank and the 
block is u = 0.5. Initially when the spring is relaxed, the block is given a 
velocity Up towards the obstruction. If the block stops on the plank before 
reversing its direction of motion relative to the plank, find the velocity 
Vo. Acceleration due to gravity is g = 10 m/s2. 


Two cubes each of mass M = 240 g are placed a distance d = 90 cm apart 
on a frictionless horizontal floor. A bullet of mass m = 12 g hits the first 
cube moving horizontally with a speed u = 180 m/s, emerges with a speed 
0.5u, hits the second cube and gets embedded there. How long after the 
bullet emerges from the first cube, will the cubes collide? Neglect time 
of interaction of the bullet with the first cube. 


A thin plate A of mass m is affixed on the upper end of a spring, lower 
end of which is affixed on the ground. In equilibrium, the spring is 
compressed by an amount x. Another thin plate B of mass 2m dropped 
from a height 3xọ above plate A hits the plate A, moves downwards 
together with the plate A and after reaching a lowest position, both the 
plates rebound upwards. What maximum height above the initial 
position of the plate A will the plate B rise? 


. A frictionless inclined plane terminates smoothly into a frictionless 


vertical circular loop mounted on a plank that can slide on a frictionless 
horizontal floor. This assembly has a total mass of 0.8 kg. A small ball 
P of mass 0.2 kg is released on the inclined plane from a height that is 
triple of the radius of the circular loop. Find force of normal reaction 
between the ball and the circular loop, when the ball is at its topmost 
position in the circular loop. 


Two identical small balls A and B each of mass m connected by a light 
inextensible cord of length l are placed on a frictionless horizontal floor. 
With what velocity u must the ball B be projected vertically upwards so 
that the ball A leaves the floor? Acceleration of free fall is g. 


A block of mass M can slide without friction on a horizontal floor. A small 
ball of mass m is suspended by a light inextensible cord of length l from 
a hanger fixed at the top of a vertical pole mounted on the block so that 
the ball can swing freely in a vertical plane. The ball is released from a 
horizontal position as shown. Find the maximum tensile force in the 
string during the subsequent motion. 
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. A small ball of mass mp is suspended from a thread of length l attached 


at the top of a pole, which is mounted on a block A of mass m,. The block 
A and the ball both are moving with a velocity u when the block A strikes 
another block B of mass mz and sticks to it. If the ground is frictionless, 
find the minimum velocity u so that the ball can move on a complete 


circular path. Assume that the blocks A and B are much heavier than 
the ball. 


A block of mass 2 kg is sliding on a horizontal floor towards another 
block of mass 4 kg placed at rest on the floor. When the blocks are a 
distance 16 m apart, velocity of the first block is 1 m/s as shown in the 
figure. Coefficient of friction between the floor and the blocks is 0.2 and 
the collision is perfectly elastic. Find separation between the blocks, 
when they come to rest. Acceleration due to gravity is 10 m/s?. 


A small disc sliding on a frictionless horizontal floor with an unknown 
velocity collides head on with another identical disc kept at rest on the 
floor. If during a time interval z, the first and the second discs cover 
distances sı and sz respectively, find possible values of initial velocity u 
of the first disc and initial distance l between the discs. 


Two blocks A and B of masses ma and mpg placed on a frictionless 
horizontal floor are connected by a light and almost inextensible cord. 
The block A is given a velocity u away from the block B. If coefficient of 
restitution defined for the cord has a value e, find velocity with which 
block B begins to move. 


In gravity free space, a small ball is placed at the centre of a box of the 
same mass. The ball and the box both are moving with a velocity v 
towards a wall. Assume all collisions to be perfectly elastic. 


(a) How many collisions are possible? 
(b) Find velocities of the box and the ball and position of the ball relative 
to the box after all possible collisions. 


A box of length 22 cm and mass 100 g rests on a horizontal frictionless 
floor. A small bead of mass 10 g is placed at the centre of the bottom of 
the box. There is no friction between the bead and the bottom of the box. 
The bead is projected with a velocity 11 cm/s parallel to the length of the 
box. If all the collisions are perfectly elastic, find displacement of the box 
in a time interval 60 s after the bead was projected. 


Four identical small blocks marked 1, 2, 3 and 4 with separations a, b 
and c as shown in the figure are moving on a frictionless floor in a line 
all with a velocity v towards a wall. If all the collisions are perfectly 
elastic, with what velocities and separations will the blocks move after 
all possible collisions? 


v v U v 
m e [3] [4] 
| a AF b | É | 


Is it possible that after an elastic oblique collision between two identical 
uniform balls, one of them will stop? If yes, find necessary conditions. 
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Three identical small discs rest on a frictionless horizontal floor. One of 
them is projected along the floor to successively collide elastically with 
the other two and thereafter to move in its original direction with half 
of its initial speed. Assume the floor in the x-y plane and initial velocity 
of the first disc u in the positive x-direction, find velocities of the other 
two discs after the collisions. 


. A shell of mass m = 100 kg explodes at some point on its trajectory into 


two fragments that fly with momenta p: = 36 x 104 kg-m/s and p = 24 x 
104 kg'm/s making angle 0 = 60° from each other. Determine ratio of 
masses of the fragments for which kinetic energy released in the 
explosion will be minimal. How much is this kinetic energy? 


A ball moving with a uniform velocity in free space collides with another 
stationary identical ball and thereafter each of them move at angle 30° 
from the initial direction of motion of the first ball. Find fraction of the 
initial kinetic energy lost in the collision and coefficient of restitution? 


.A massive frictionless cylinder of radius r, moving with a constant 


velocity u, collides elastically with a small light ball moving with a 
velocity u towards the cylinder perpendicular to its axis as shown in 
the figure. The distance between the lines of motion (impact parameter) 
of the bodies is b. Find speed of the ball after the collision. Assume 
gravity free conditions. 


. Aball is dropped from a certain height on a straight horizontal road and 


its motion is recorded from a car that starts moving with a uniform 
acceleration when the ball is dropped. Path of the ball relative to the car 
between the first and the second bounce is shown in the graph. The 
dashed line shown is a tangent to the path. If collision of the ball with 
the road is perfectly elastic and duration between the first and the 
second bounce is 2.0 s, find displacement of the car between the first and 
the second bounce of the ball. Acceleration due to gravity is 10 m/s2. 


A ball projected horizontally from a large inclined plane, collides 
successively with the plane. Coefficient of friction between the plane and 
the ball during these collisions is uw. What should be inclination of the 
plane and coefficient of restitution for the collisions so that between 
every two successive bounces the ball follows identical trajectories? 


. A container of mass M = 10.0 kg, containing m = 1.0 kg of an ideal gas 


is released without initial velocity from a height ho = 12.1 m. If collision 
of the container with the ground is perfectly elastic, how high above the 
ground will the container bounce? Neglect air resistance and assume 
that all the internal fluctuations in the gas damp out almost in no time. 
Acceleration of free fall is g = 10 m/s?. 


Two identical small balls each of mass m are held on the top of a 
triangular wedge of mass M and height A that is at rest on a frictionless 
horizontal floor. When the balls are released, they roll down the inclined 
faces of the wedge and at the bottom get stuck in special traps. How far 
will the wedge shift during movement of the ball relative to the wedge? 
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In the setup shown, the block B can slide on a vertical guide rigidly fixed 
to the wedge C. Masses of the block A, the wedge C and the block B are 
m, 2m and 3m and cosine of angle of inclination 8 of the inclined face of 
the wedge with the horizontal is 2/3. The pulley and the thread are ideal 
and there is no friction between any of the surfaces in contact. The block 
B is released from a height 27 cm above the floor. Find displacement of 
the wedge when the block B touches the floor. 


A shell projected horizontally with a velocity of 165 m/s from the top of 
a 15 m high wall explodes into two identical fragments in the air. One 
of the fragments strikes the ground 1.5 s after the shell was projected at 
a distance of 240 m from the foot of the wall and 7 m to the right of the 
x-axis. Determine position of the other fragment at this instant. Neglect 
air resistance and assume acceleration of free fall to be 10 m/s?. 


In free space, a shell is flying with a speed u towards a large stationary 
plane along its normal. When the shell is at a distance / from the plane, 
it explodes into an infinitely large number of fragments that fly apart in 
all directions such that speed of each fragment relative to the mass 
centre is v. Find area on the plane in which all the fragments strike. 


A small bead of mass m = 4.0 kg is threaded on a homogeneous friction- 
less ring of mass M = 6.0 kg and radius R = 0.5 m. Initially the system 
rests in free space. Now the bead is struck to impart it a velocity u = 5.0 
m/s along the tangent to the ring. Find magnitude of force of interaction 
between them and the minimum kinetic energy of the bead in subse- 
quent motion. 


Two balls of unequal masses, moving in opposite directions with equal 
speeds collide elastically. Thereafter, the heavier particle is observed 
deviated from its original direction of motion by an angle @ = 30° in the 
laboratory frame and by an angle £ = 60° in the centre of mass frame. 
How many times of the mass of lighter ball is the mass of heavier ball? 


When an empty freight train of mass mọ starts, loading of coal in the 
train begins at a constant rate r from a stationary hopper. If the track 
is horizontal and engine pull F'is a constant, deduce expression for speed 
of the train as a function of time t. Neglect all resistive forces. 


A uniform thread of linear mass density 2 = 2.0 g/m passes through a 
fixed ideal pulley. At its ends, the thread is stacked into two heaps that 
do not interfere motion of the thread. A beetle of mass m = 80 ¢ tries to 
manage itself at a constant height on the thread by adjusting its speed 
relative to the thread. At some steady speed of the thread, the beetle 
succeeds in doing so. Find this steady speed of the thread. Acceleration 
due to gravity is g = 10 m/s?. 


Ends of a thin uniform inextensible rope of mass m = 1.0 kg and length 
l= 2.0 m are fastened to the ceiling close to each other. If one of the ends 
is released and allowed to fall freely as shown in the figure, find the 
largest force that the fastening at the other end must be capable of 
bearing so that rope remains fastened there. Acceleration of free fall is 
g=10 m/s?. 
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A conveyor belt is inclined at an angle 0 with the horizontal. Length of 
a straight portion of the belt is l, resistive forces in the belt mechanism 
are negligible and radii of the end cylinders are negligible as compared 
to the length l. Sand falls on the belt with a negligible speed at a 
constant rate at the top and leaves at the bottom. Friction between the 
belt and the sand is high enough to stop sliding of sand particles almost 
in no time. Inertia of the belt mechanism is negligible as compared to 
that of the total sand on it. Find the steady speed acquired by the belt. 
Acceleration due to gravity is g. 


Fan of a remote operated model helicopter of mass m has diameter d. 
Denoting density of air by p and acceleration of free fall by g, deduce 
expression for the minimum power required for take-off. 


Check your understanding 
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A small disc A placed on a frictionless tabletop is connected to a small 
protrusion B on the tabletop with the help of an almost inextensible 
elastic cord of relaxed length l. There is a trap C in the table at distance 
7 = 0.5 times of l from the protrusion. Initially the disc, the protrusion 
and the trap are in a line and the cord is straight and relaxed as shown 
in the top view of the setup. At what angle with the line AC must the 
disc be projected along the tabletop so that it enters the trap? Diameter 
of the protrusion is negligible as compared to the length of the thread. 


Three identical long metal bars each of mass m are placed in a stack on 
a horizontal floor as shown in the figure. Surfaces of the plates as well 


as of the floor are lubricated with oil. Force F of viscous drag from lubri- 


cating oil on a surface is given by equation F =-kv., , where kis a posit- 


rel ? 


ive constant and U,, 1s velocity of the surface relative to the other. If the 


upper bar is given a velocity u towards the right by a sharp hit, find 
displacement of each of the bars when all of them stop. 


A disc of mass M = 2.0 kg is connected with two identical discs each of 
mass m = 1.0 kg with the help of two light inextensible threads each of 
lengths l = 50 cm. Initially the system rests on a frictionless horizontal 
floor with centres of the discs in a straight line and the threads straight. 
Now the middle disc is projected along the floor with a velocity u = 2 m/s 
perpendicular to the threads. Find tensile forces in the threads when 
the end discs are about to collide. 


When a flexible bag filled with sand is dropped on the pan of a spring 
balance from a height of h = 4 cm above the pan, pointer of the balance 
suddenly shoots to a reading m, = 6.0 kg and after several oscillations 
finally settles to a reading mz = 2.0 kg. If force constant of the spring is 
k = 1.5 kN/m and dry friction is absent, find mass of the pan. Assume 
acceleration of free fall g = 10 m/s2. 
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Inclined face of a wedge is frictionless and its inclination is 6 with the 
horizontal everywhere except at the bottom, where it increases 
gradually from a vanishingly small value to ĝin a very small region. The 
wedge is placed on a frictionless horizontal floor and a small disc is 
projected towards the wedge with an initial velocity u. Mass of the disc 
is equal to that of the wedge. The disc slides up the inclined face and 
then slides down. Assuming transit time of the disc on the curved entry 
to be negligible, find displacement of the wedge when the disc is at the 
highest point on the wedge. 


A bar is placed with a slight offset lọ on another identical bar that rests 
on a horizontal frictionless floor. Coefficient of friction between the bars 
is uw. Initially both the bars are moving towards a wall with a velocity u. 
The wall is parallel to the front face of the bars. If collision of the bars 
with the wall is perfectly elastic, find final velocities of both the bars 
long time after collisions with the wall. 


A small block of mass 490 g rests close to the left wall of a box of equal 
mass. Length of the box is 40 cm. The box is placed on a horizontal floor 
lubricated with oil. Force of viscous friction of the lubricating oil is given 
by equation F =—kv, where k = 0.5 kg/s and @ is velocity of the box 
relative to the floor. There is no friction between the block and the floor 
of the box. If the block is given a velocity 10 m/s towards the right, how 
many times will the block collide with walls of the box and how far will 
the box move? 


A ball is placed on a stationary horizontal plate. At an instant when the 
ball is projected upwards with a velocity u, the plate is made to move 
upwards with a constant speed vp < u in such a way that immediately 
after every collision with the ball, direction of the motion of the plate is 
reversed without a change in speed. If collisions between the ball and 
the plate are elastic, find average velocity of the plate over a large 
interval of time. 


A ball is dropped from a height h above a massive platform that is 
moving upward with a constant speed u. If the ball collides with the 
platform elastically, find height above its initial position the ball will 
rebound. Acceleration of free fall is g. 


A small ball of mass m = 1.0 kg is placed in a closed box of mass M = 2.0 
kg and height h = 80 cm that is placed on a pan of a weighing machine 
as shown. The ball is projected upwards with a velocity u = 5.0 m/s. If 
all the collisions are perfectly elastic, find average forces Fr and Fg 
exerted by the ball on the top and on the bottom of the box and the 
reading W of the weighing machine. Assume that the box does not lose 
contact with the pan. Acceleration of free fall is g = 10 m/s?. 


Between two parallel walls n identical balls each of mass m and radius 
r are arranged in a line perpendicular to the walls. Distance between 
the walls is J. The balls are simultaneously given unequal speeds 
randomly towards any of the walls. If total kinetic energy of all the balls 
is K, all the collisions are perfectly elastic and the floor is frictionless, 
find average force on either of the walls exerted by the balls. 
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Infinitely large number of small blocks are arranged in a line on a 
frictionless horizontal floor with a separation / = 1.0 m between adjacent 
blocks. Mass of every block is 7 = 0.9 times of the mass of the adjacent 
block on its left. The heaviest block projected towards the next block 
with a velocity u = 10 cm/s. If all the collisions are perfectly elastic, how 
long after the heaviest block is struck, the lightest block begins to move? 
Neglect duration of a collision as compared to time interval between two 
successive collisions. 


A small block A of mass m = 2.0 kg sliding on a platform lands on a cart 
B of mass M = 8.0 kg that is placed on a frictionless horizontal floor. 
Distance between left end of the cart and an obstruction at the right end 
is l = 1.0 m. Coefficient of friction between the cart and the block is w= 
0.5 and collision between the block and the obstruction is perfectly 
elastic. If the speed with which the block lands on the cart is so adjusted 
that the block stops on the cart at its rear end, find time spent by the 
block on the cart and loss of mechanical energy during this time. 


A toy similar to letter H in shape is made by fixing two identical 
cylinders at the ends of a light rod of length l. The toy is placed on a 
frictionless horizontal floor, which terminates into a uniform frictionless 
slope of inclination 6. Cylinders are parallel to the line joining the floor 
and the slope. Find range of velocity given to the toy towards the slope 
so that it can rise completely on the slope. Collisions of the cylinders 
with the slope are perfectly inelastic. 


Three particle-like balls A, B and C of masses m; = 1.0 kg, mz = 1.0 kg 
and m; = 2.0 kg connected by identical elastic and almost inextensible 
threads are placed on a frictionless horizontal floor. The threads are 
straight and the angle between them is 8 = 60° as shown in the figure. 
The ball A is projected with a velocity u = 6 m/s parallel to the thread 
connecting the balls B and C. With what velocity will the ball C begin to 
move? 


A heavy steel ball held in contact with an extremely light steel ball at a 
height h = 5V3 m above a hard horizontal floor. The line joining the 
centres of the balls makes angle 6= 30° with the vertical. If all the collis- 
ions are elastic and sizes of the balls are negligible as compared to the 
height h, find the horizontal range of the lighter ball. 


A ball of mass m is dropped from a height h = 9.0 m and after a time 
interval, another ball of mass m/2 is dropped from the same place. If all 
the collisions are perfectly elastic, what maximum height can one of the 
balls rise? 


A cylindrical beaker is held at rest with its bottom horizontal and inside 
it, a large number of identical elastic balls are moving up and down 
continuously colliding with each other and with the bottom. In this way, 
the balls fill the beaker up to 750 ml mark. At some random moment, 
the beaker is made to move downwards with an acceleration 0.5g. Here 
g denotes the acceleration due to gravity. What fraction of total number 
of balls will now fill the beaker up to 1125 ml mark? 
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Two prisms A and B of masses my, = 9.0 kg and mpg = 16.0 kg are placed 
on a frictionless horizontal floor touching each other at their bottom 
edges. The slant faces of the prisms are frictionless and inclined at 
angles a = 53° and J = 387°. A horizontal cylinder of mass m = 25 kg is 
gently placed on the prisms as shown. The cylinder comes down due to 
gravity pushing the prisms apart. Find ratio of speed of prism A to that 
of prism B immediately before the cylinder touches the floor. 


. Two small discs A and B of masses m; and mə connected by a light 


inextensible thread of length l are placed on a frictionless horizontal 
floor. The disc A is held at rest and the disc B is projected to move around 
the disc A with a constant speed u on a circular path. If the disc A is now 
released, the disc B will move on a path shown in the figure. 


(a) Which disc has more mass? 
(b) Find suitable expressions for the step-lengths p and q. 


. A shell of mass m moving with a velocity u in free space explodes into 


two identical fragments. If mass of the explosive material is negligible 
as compared to the mass of the shell and due to the explosion total 
kinetic energy increases by an amount AW, find the maximum angle 
between the directions of motion of the fragments. 


A shell fired vertically upwards explodes at the highest point of its 
trajectory into three fragments A, B and C of masses 2m, 3m and 4m 
respectively. At an instant after the explosion, when distance between 
the fragments A and B is lag, what is the distance between the 
fragments A and C? 


. In free space, a 4.0 kg shell passes the origin of an inertial frame at the 


instant ¢ = 0 moving with a velocity 2.5 m/s in the positive x-direction 
relative to the frame. Thereafter it explodes into three fragments A, B 
and C of masses 2.0 kg, 1.0 kg and 1.0 kg respectively. At the instant t 
= 10 s, the fragment A is observed at position (85, 80, 64) moving with 


velocity (107 +107 + 8k) m/s and fragment B at position (-35, 0, —64) 


moving in the x-z plane. Find velocity vector of the fragment C. All the 
coordinates are given in metres. 


. A spaceship of mass m with its engine off moving in free space with a 


velocity u enters a cloud of uniform density p and length l. Particles 
forming the cloud strike the spaceship and stick to it. How much time 
will the spaceship take to cross the cloud? For simplicity, assume the 
spaceship as a cylinder of circular section area S. 


In rocket propulsion, kinetic energy imparted to the burnt fuel as ejected 
gases is wasted as far as propelling is concerned. If at an instant v is the 
speed of the rocket and u is the speed of the ejected gases relative to the 
rocket, develop suitable expression for efficiency of propulsion. 
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Challenge your understanding 


1. A ring of radius r and a small ball of the same mass are placed on a 
frictionless horizontal floor. The ball is at a distance 0.5r from centre of 
the ring. Now both of them are given opposite velocities of equal moduli 
in directions perpendicular to the line joining the centre C of the ring 
and location B of the ball. All the collisions between them are perfectly 
elastic. 


(a) Draw trajectories of the ball and the centre of the ring. 


(b) Find the minimum and maximum separations between them during 
process of their motion. 


A 2. Two light rigid rods each of length l are connected by a hinged joint. A 
particle A of mass m is attached at the joint and two thin cylinders B of 
mass m and C of mass 2m are attached at the free ends of the rods 
perpendicular to the rods. The assembly is held motionless with rods 
vertical and cylinders B and C touching each other on a frictionless 
horizontal floor as shown in the figure. After the assembly is released, 

B ILe the rods rotate, the cylinders move apart and finally the particle A hits 

the floor. Find velocity of the particle A when angle between the rods 

becomes 48. 


3. A hemispherical bowl is placed on a frictionless horizontal floor and a 
small disc is placed on the top of the bowl as shown in the figure. The 
disc and the bowl are of equal mass and there is no friction between 
them. The disc is slightly pushed horizontally so that it starts sliding 
down the bowl with a negligible speed. At what angular displacement of 
the disc measured from a vertical line through the centre of the bowl 
will the disc lose contact with the bowl? 


ANSWERS 
AND HINTS | Multiple Choice Questions | Choice Questions 
1. (a), (b), (c) and (d) 8. (a), (6), ©) 15. (c) 23. (c) 
2. (a) 9. (a) 16. (c) 24. (c) 
3. (a) 10. (c) 17. (a) 25. (a) 
4. (a) 11. (b) 18. (d) 26. (c) 
5. (a) and (d) 12. (a), (b) and (d) 19. (c) 27. (d) 
6. (©) 13. (b) and (d) 20. (c) 28. (a) 
7. (a) 14. (a) 21. (c) 29. (c) 
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| Build-up your understanding | your understanding 


l. 


2 2 
: mlu? -v ig = 
2gd 
k- go m/s 
m 


Impulse of water resistance stops the 
block-plank system at the platform B, therefore 
must be equal to the initial momentum of the 
block. 


Bal 
20 
a yan Gees — 
_|m+M ug(m+M) 
ug(m+M) 
gtt, | t + 2t, 
2 (2i +t, 


Fragments, which take time tə follow 
symmetrical parabolic trajectories after the 


explosion. 


z mgh (Same for both the slides) 


Finally, kinetic energy of the disc will be 
negligible in comparison to kinetic energies of 
the slides. 
nmu’ 

n -— H __ -0.75m 

2(n+1)F 
Total kinetic energy of both the particles 
in a frame moving with their mass centre will 
completely be utilized into the work done by 
forces of their mutual interaction. 


15m & 
v/(m/s) 


1 


6 tls 


3m(m+M) 
9. v= —_—_— =0.4 m/s 
o = HS LM 
Consider a reference frame moving with 
the velocity of the plank at the instant when the 
block is reversing its direction of motion (it is 
also the frame of mass centre). In this frame, 
initial kinetic energy of the block is completely 
consumed into the work done by the frictional 
force and the spring force. 
2 
10. 2(™) =4.0s 
u\m 
ii, 2 
2 
12.3 N 
13. u 2 4/3gl 
14. [s + zm) mg 
M 
mia Tensile force in the thread has its 
maximum value when the ball is at the lowest 
point. 
m, +m 
15. u= (rs) ee 
M, 
16. 5 cm 
17. u=% (s, -s,) <l <s, 


Mass centre of the discs moves with a 
constant velocity that remains unaffected by the 
collision, therefore we get 


S& +S 
u = 1 2 
T 


If x is the distance between the discs at the end 
of interval z, we can write 


l=s -(s,-x) 
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The above equation suggests that Laax =S, fora 
perfectly elastic collision and Lan = Sı — S for a 
perfectly inelastic collision. 


Alternatively, by expressing the distances in 
term of initial velocity and coefficient of rest- 
itution, you can also solve the problem. 


aoe, 
m, +m, 

During the very short time interaction of 
the blocks through the cord, the cord first 
becomes straight, and then it becomes slightly 
extended and after acquiring a maximum 
extension, it comes to a relaxed state. These 
processes of extension and of return to relaxed 
state are similar to processes of deformation and 
restitution respectively of a head-on collision. At 
the end of deformation or in the beginning of 
restitution, length of the thread is maximal and 
both the blocks have the same velocity. 


Apply impulse momentum principle for the 
blocks separately for deformation and restit- 
ution processes and then use the following 
definition of coefficient of restitution e. 


Impulse of tension in restitution process 


Impulse of tension in deformation process 


In this way, you observe that the event gives 
result similar to a head-on collision. 


(a) Three; the first is between the box and the 
wall, the second is between the ball and left 
wall of the box and the third is between the 
box and the wall. 


(b) Both will move with velocity v away from the 
wall and the ball will be at the centre of the 
box. 


. 60 cm 


In an elastic head-on collision, two 
identical bodies exchange their velocities. 
Therefore, it can be thought that these bodies 
pass through each other without change in their 
velocities and during an elastic head-on collision 
with a stationary wall the colliding body goes 
into the wall and another identical body comes 


22. 


23. 


out with opposite velocity without change in 
speed. Following the above reasoning for the 
elastic collision with the wall as well as between 
the blocks, we can say that the given row of 
blocks enters into the wall and a reversed row 
comes out of the wall. 


Otherwise, you can consider each collision in its 
strict sequence and place and then find the 
same result. 


Yes, both the balls must be moving in mutually 
perpendicular directions and line of velocity 
vector of one of them must pass through the 
centre of the other at the time of collision. 


0.5u(i — 7) and 0.5uj 
or 0.5u(i+j) and —0.5uj 


Consider the following two possibilities. 
Possibility-I 


mM, _ Py _ 2 ng 220089) i 35 108 J 
m Dy 3 
1. 
AR and e=— 
K 3 
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33. 


2 
(a | =8.1m 
M+m 


Internal fluctuations produced in motion 
of the gas molecules due to sudden change in 
velocity of the container die out very rapidly, 
causing the gas molecules to acquire the velocity 
of the container in addition to their random 
motion in a vanishingly small time interval. 
During this time impulse of the only external 
force on the gas container system that is their 
weight, is so insignificant that momentum can 
be assumed almost unchanged. 


mh 
M +2m 


Initially mass centre of the system 
consisting of the wedge and both the balls is at 
rest and there is no external horizontal force on 
the system, therefore the mass centre will not 
shift in the horizontal direction. 


(cota —cot £) 


3 cm towards the left 


. (255 m, 7.5 m, -7 m) 


The first fragment strikes the ground in a 
time that is smaller than the airtime of un- 
exploded shell. It suggests that when the first 
fragment strikes the ground, the second frag- 
ment is in the air. 


If v < u, the area is a circle of radius 
r= vl/ Vu —v’ ; and if v > u, the area covers the 


entire plane. 

Velocity vector U, of a fragment moving 
with speed v (v < u) at the largest angle 6 from 
the direction of motion of unexploded shell is 
shown in the figure. These fragments will strike 
the plane at the farthest places. 
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b’ A 
u, + 4u, (u, +u) lar E | 
r 
i, awk N r 
Since the cylinder is very massive as ATN y ih 
compared to the ball, its velocity will remain X a aca aca 
almost unchanged in the collision. DS / 
16m T 
. tan™ (u) and 1.0 : 2 
Mi 7 — 
84. M g 60N ana W (MM) 2.03 
(m+M)R 2 \M+m 


Mass centre of bead-ring system will move 
with a constant velocity. In the frame of mass 
centre, the bead and centre of the ring both will 
keep on moving with constant speeds on circular 
paths around the mass centre. Moreover, the 
ring will have no rotational motion. 


When the bead is moving in direction opposite 
to motion of mass centre, it has minimum speed 
in laboratory frame and hence minimum kinetic 
energy. 


3 


Ft 


m,+rt 


— = 20 m/s 
A 


2mg = 20 N 


gl sin 0 


(mg)"” 


d| 7p 


The fan of the helicopter collects 
motionless air above it and blows it downwards. 
Momentum imparted to air blown per unit time 
is the lifting force and kinetic energy imparted 
per unit time to this air is the power 
requirement. 

It is reasonable to assume the air above the fan 
almost motionless and its density above and 
below the fan uniform. 
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| Check your understanding | your understanding 


1. 


1+7 _ 30° 
4n 

Since the cord is elastic and almost 
inextensible, kinetic energy of the disc remains 
unchanged when cord slackens again. Compo- 
nent of velocity perpendicular to the cord 
remains unchanged and component of velocity 
along the cord is reversed. 


0 = cos 


This event is analogous to a perfectly elastic 
collision of the disc with a circular wall of radius 
equal to the length of the thread and centre at 
the protrusion. 


Upper bar 3mu/k, middle bar 2mu/k and the 
lowest bar mu/k all towards the right. 


2 
M5635 
(M+2m) 1 


Use the fact that in the reference-frame 
moving together with the middle disc, both 
the disc are in circular motion and this frame is 
a non-inertial frame. 


2kmsh 


m, (m, -2m,)g 


m, = 2.0 kg 


Weight of the pan corresponds to zero 
reading of the balance. 


u? 


a 1+sin? 0 — coso} 
8g sind 


0; u’ < 2ugl, 


7 "a —2ugl,; u’ > 2ugl, 


Immediately after the first collision 
between the upper bar and the wall, direction of 
motion of the upper bar is reversed and both the 
bars are moving with their initial speeds in 
opposite directions. Now slipping between the 
bars causes loss in their kinetic energies and 
equality of masses and absence of friction at the 
floor makes rate of this loss equal for both the 
bars, therefore losing equal speeds in equal 


10. 


time, both the bars have equal speed at every 
instant before the lower bar collides with the 
wall. 


49 and 9.8 m 


In every collision, the box and the block 
will exchange their velocities. When the block 
was projected the box was at rest, therefore, 
only one of them will move at a time. In 
addition, the block cannot stop sliding on 
frictionless bottom of the box and every time the 
box moves, it does so with an exponentially 
decreasing velocity. Therefore, eventually the 
box will move with a vanishingly small velocity 
making its collision with the block practically 
impossible. 

Collision of moving block and stationary box is 
always an odd numbered collision and collision 
of moving box with stationary block is always an 
even numbered collision. 

Since viscous force is proportional to speed, 
every time the box moves, its momentum 
decreases by amount Rl. 

Therefore, total number of collisions is 2n+1, 
where n is the greatest integer satisfying the 
following equation. 


u 
F, = mg =25N 4 
i or =) 
W =(M+m)g=30N 


Average force exerted by colliding ball on 
any of the surfaces is equal to ratio of change in 
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13. 


14. 


15. 


16. 


momentum in one collision with that surface to 
time interval between two successive collisions. 


17. 
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25h 
—=25m 
9 
0.5 


2K 
l—2nr 


Follow the reasoning applied in problem 
21 of “Build up your understanding”. 


2l 
u(1—7) 
Speed acquired by the nt block after 
collision with the (n — 1) block assuming the 


heaviest as the first block is given by the 
following expression. 


2 n-1 
v, =u| —— 
7 1+ 


Therefore, the required time is T = > f ; 
n=1 


Un 


2 M 264 s and 2umgl = 20 J 
\(m+M)ug 


For simplicity consider a frame moving 
with the cart. It is a non-inertial frame. In this 
frame, the block is always retarded by the same 
magnitude during its to and fro motion and 
ultimately stops after covering a total distance 
2l. 

Alternatively, you can use an inertial frame 
attached with the platform. In this frame, total 
impulse of the friction force equals the decrease 
in momentum of the block. 


= 200s 


" {e sin 0(1+cos? 0) 
7 2cos’ 8 


Total momentum component of the toy 
along the inclined plane remains unchanged 
during collision of the first cylinder. 


4m,m,ucos’ 6 


=1.0 m/s > 

(m, +m, )(m, +m, ) 

Use the idea developed in problem 18 of 
“Build up your understanding”, first with pair of 
balls A and B and then with the pair of balls B 
and C. 


16h sin(20){ cos 20+ 1) =120 m 


18. 


19. 
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In steady state, number of balls crossing 
every horizontal section of beaker in the region 
filled with the balls must be equal. 


mtan $ +m, (tana + tan £) 


mtana +m, (tana + tan £) 


While coming down, the cylinder shifts 
horizontally too. Total momentum component of 
the prisms and the cylinder in horizontal 
direction remain conserved. 


. (a) The disc A, 


(b) p= 2am, and 
m, +m, 
2l x 
= =i a m, — m, cos" (=| 


ie -zaw ) 
. cos. | ————_ 


mu’? +2AW 


Energy released in the explosion will 
impart equal and opposite momenta to the 
fragments in the frame moving with initial 
velocity of the shell. Moreover, for the fragments 
to fly apart with maximum angle included 
between their directions of motion in laboratory 
frame, the momenta components received due to 
explosion in the frame moving with the initial 
velocity must be perpendicular to the velocity of 
the frame. 


. 1.5laB 


. -(51 +20j+ 8k) m/s 


It may be helpful to find where the shell 
exploded with the help of velocity vector of the 
fragment A after the explosion, location of 
fragment A at t= 10s and the information that 
explosion occurred on the x-axis. 


u 


2m 
2vu 


u’ +u’ 
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Thrust force equals the rate of change in 
momentum of the ejected gases, useful power is 
product of thrust force and velocity of the rocket, 
power waste is rate of kinetic energy given to 


the ejected gases and efficiency is the ratio of 
useful power to the total power developed i.e. 
sum of useful power and power waste. 


| Challenge your understanding | your understanding 


1. 


(a) Both of them follow equilateral triangular 
trajectories confined in a circle of radius 
0.5r with its centre at the stationary mass 
centre of the system. 


A circle of radius 0.5r 


Trajectory of the centre 


Mass centre of the ring- 
ball system 


Trajectory of the ball 


(b) 0.5r andr 


2 2 
2. El (1 _ sina) = sa a 
2 1lsin* 0+4cos° 0 


3. cos” (v3 -1) 


In a reference frame moving with the bowl, 
till the moment the disc breaks off, the 
horizontal component of velocity of the disc 
increases, acquiring its maximum value at the 
time of breaking contact and thereafter becomes 
a constant. 


Kinematics of rotational motion: rotation about momentum, rotational equivalent of Newton's 
fixed axis, rotation about axis in translation and laws of motion, use of methods of work and 
rotation about axis in rotation; concept of energy, angular impulse and angular 
torque, equilibrium of rigid bodies, concept of | momentum, law of conservation of angular 
moment of inertia, concept of angular momentum, eccentric impacts. 


BACK TO BASICS 


Rigid body: 

A rigid body is an assemblage of a large number of material particles, which 
do not change their mutual distances under any circumstance or in other 
words, a rigid body is not deformed under any circumstance. 


Rotational motion of a rigid body: 


Motion of a rigid body is identified by a change in location or a change in 
orientation or change in both. Change in orientation during motion is 
rotational motion and change in location is translational motion. 


Axis of rotation: 


A mathematical straight line containing centres of all the circular paths 
followed by the particles forming a rigid body is known as axis of rotation. 


Instantaneous axis of rotation (IAR): 

It is a mathematical straight line about which a body in general plane 
motion (rotation about an axis in translation) can be considered in state of 
only rotational motion at an instant. 


“I am never content until | 
have constructed a mechanical 
model of what | am studying. 
If | succeed in making one, | 
understand; otherwise | do 


not. 


Sir Lord Kelvin 
(26 June 1824 — 27 December! 907) 
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Kinematics of rotation about fixed axis: 


Consider a particle of a rigid body in rotation about a fixed axis. In an 
infinitesimal time interval dt, this particle covers a distance ds along a 
circular path of radius r and radius vector 7 turns through angle d8. There 


is a point on the axis from where position vector of the particle is R. 


. ds dř dR 
dt dt dt 
Ü=öxr=ğöxR 
_ di dé Fo a a 
đa = — = Xr+Ox—-=AaAxXr+Oxv 
t dt dt 


Kinematics of general plane motion: 


General plane motion of a rigid body can be conceived as well as analysed 
as superposition of translation of any of its particle and simultaneous 
rotation about an axis through that particle. 


According to the above idea, we have the following useful equations for any 
two particles A and B of a rigid body. 
By =Ü, +H py, =Ü, + Öx AB 


Gy =G, +Gyy =G, +@x AB + o’ (—AB) 


Torque: Moment of a force 

Torque is rotational analogue of force and accounts for time rate of change 
in amount of rotational motion. 

Torque of a force acting on a particle of a body about a point is defined as 
the cross product of position vector of the particle relative to the point about 
which torque is sought and the force vector. 


T=řxF 
Concept of moment of inertia or rotational inertia: 


Moment of inertia is inertia to rotational motion in the same way as mass 
is inertia to translational motion. 


Moment of inertia of a system of discrete particles: 


—. tt 2 
Le hal mir ) 
Moment of inertia of a continuous mass distribution of mass: 
I= [dl = |r’dm 


Theorem of perpendicular axes: 

For a laminar body, moment of inertia about an axis perpendicular to the 
plane of the body is sum of the moment of inertias about any two mutually 
perpendicular axes in the plane of the body provided that all the three axes 
are concurrent. 


I =I +I 
z x y 


Sum of moment of inertias of a body of any shape about three concurrent 
mutually perpendicular axes is equal to the term 2 Í r°dm . Here r is distance 


of an infinitesimal mass dm of the body from the point of concurrency of the 
three axes. 


I,+1,+1, =2[r’dm 


Theorem of parallel axes (Steiner's theorem): 


The moment of inertia about any axis parallel to an axis through the mass 
centre C is given by sum of moment of inertia about the axis through the 
mass centre and product term of mass of the body and square of the distance 
between the axes, provided that angular velocity of rotation of the line OC 
equals the angular velocity of intrinsic rotation of the rigid body. 


I, =I, + Mx? 


Among all the parallel axes the moment of inertia of a rigid body about an 
axis through the mass centre is the minimum moment of inertia. 


Radius of gyration: 

If the mass m of a body were assumed concentrated at a distance k from the 
axis, the moment of inertia J of the body about that axis would be mk’. Here 
kis radius of gyration of the body about the axis under consideration. 


eile 
m 


Dynamics of a rigid body as a system of particles: 


The net torque of all the external forces acting on a body about the origin of 
an inertial frame equals the sum of moment of effective force due to 
translation of mass centre and moments of effective forces on all the 
particles due to their motion with respect to the mass centre. 


yo = 1, x Ma, + Dy Ate x Mã; ) 


For a rigid body in rotation about a fixed axis or in general plane motion, 
the second term in the above equation reduces to I,a. 


Dito =% MG, + 1, 
Methods of work and energy: 


Since definition of work, power and potential energy do not consider type of 
motion; they have their usual meaning in rotational motion as they have in 
translational motion. 


Kinetic energy of a rigid body in general plane motion: 


Kinetic energy of a rigid body equals the sum of kinetic energy due to 
translation of the mass centre and kinetic energy due to intrinsic rotation 
about the mass centre. 


| 2 1 2 
K = 5 Mvg tiho 


These two terms of the above equation are sometimes known as 
translational kinetic energy and rotational kinetic energy respectively. 


Rotational Motion 


Doo) 
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Kinetic energy of a rigid body in general plane motion can be expressed in 
a single term of kinetic energy due to rotation about instantaneous axis of 
rotation. 


K 


vil 2 
= ztu 


Work-energy theorem and mechanical energy conservation: 


Work energy theorem and the law of conservation of mechanical energy are 
applicable in analysing rotational motion in the same way as they are 
applicable in translational motion. 


Angular momentum: 
Angular momentum is the measure of amount of rotational motion. 


Angular momentum of a particle about the origin is the moment of its linear 
momentum i.e. cross product of position vector of the particle with its linear 
momentum. 


Angular momentum of a system of particles is the sum of angular momenta 
of all the particles of the system. 


Angular momentum of a rigid body in general plane motion: 

Ly =7,x(Mi,) +1, 
The first term of the above equation represents angular momentum due to 
translation of the mass centre and the second term represents angular 
momentum due to intrinsic rotation about the mass centre. 
Rotational analogue of Newton’s second law: 

For a rigid body in general plane motion: 
dh, 

dt 


ÈTo 


=7, X Mā +1.a 


Angular impulse: 
Angular impulse dd ass of a torque 7, about an axis through a point O 


during a time interval from t; to tẹ is given by the following equation. 


Angular impulse-momentum principle: 


The angular impulse-momentum principle states that the net angular 
impulse of all the external forces about an axis during a time interval equals 
the change in angular momentum of the body about the same axis in that 
time interval. 


Joine = Lor ~ Loi 


Conservation of angular momentum: 


In the absence of torque of external forces about a point or an axis, total 
angular momentum of a system of particles about that point or axis remains 
conserved. 


| Multiple Choice Questions | Choice Questions 


1. 


Be 


SY 


An object is rotating at an angular velocity œ about an axis that passes 
from the origin and is directed in the x-y plane at 45° from the y-axis as 
well as from the negative x-axis. What is velocity of a point on the body 
located on the positive z-axis at a distance z from the origin? 


(a) Ei +j+h) (b) Fa +j+h) 
(¢:) ZG +j) O 


v2 V2 


A disc placed on a frictionless horizontal plank is rotating with a 
constant angular velocity œ about its central vertical axis. Now the 
plank is made to move with a constant acceleration a on a straight path. 
If you assume initial location of the centre of disc as origin, direction of 
motion of the plank in negative y-axis of the coordinate system attached 
with the plank, which of the following equations represent trajectory of 
instantaneous centre of rotation of the disc. 


a 2a 
(a) If @=ok, then y= andx<0. 
a 
2 22 
(b) If @=-ok, then y= andx>0. 
p 2.22 
(c) If = øk, then y=- and x < 0. 
a 
22 


and x>0. 


(d)If 6=—ok, then y=- 
2a 


Two uniform triangular plates ABC and ABD of the same thickness, 
height and made of the same material are shown in the figure. If 
moment of inertias of these plates about the axis PQ are Ic and Jp, 
which of the following statements is true? 


(a) Ic > Ip (b) Ic < Ip 
(c) Ic= Ip (d) More information needed. 


A uniform equilateral triangular lamina of side l has a mass m. Its 
moment of inertia about the axis through the centroid and 
perpendicular to its plane is 


(a) iml? (b) +m?’ 
(c) 4m?’ (d) None of these 


A light beam suspended with the help of two ropes supports two loads 
as shown in the figure on the next page. The load at the left end is of 75 
kg and the load P at the right end is unknown. The maximum tension 
that either of the rope can bear is 1200 N. In an experiment, mass of the 
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load P is gradually increased from zero. If the rod remains horizontal in 
equilibrium, which of the following conditions must be satisfied? 


(a) Minimum mass of the load P can be 12.5 kg. 

(6b) Maximum mass of the load P can be 102.5 kg. 

(c) When mass of the load P is minimum, tension in one of the ropes 
vanishes. 

(d)When mass of the load P is maximum, tension in one of the ropes 
vanishes. 


A uniform right-angled triangular lamina is suspended from the ceiling 
with the help of three light strings. The plane of the lamina is horizontal 
and the strings are vertical as shown in the figure. In which of the 
following options, tensile forces Ta, Tg and Tc developed in the strings 
connected to the vertices A, B and C respectively of the lamina are 
arranged in correct order of their magnitudes? 


(Coe aes es O T >T >The 
(7 > I> Th (a) T= 7, = 15 


A uniform steel rod leans against a frictionless wall in static 
equilibrium. Frictional force between the lower end and the floor is less 
than its limiting value by a finite amount. The rod is supplied some 
amount of heat so that it expands. Assume that the coefficient of friction 
does not change on heating. What can you conclude regarding contact 
forces from the wall and from the floor? 


(a) From the wall it decreases and from the floor it increases. 
(b) From the wall it increases and from the floor it decreases. 
(c) From the wall as well as from the floor it increases. 
(d) From the wall as well as from the floor it decreases. 


A toy "roly-poly" consists of two rigidly attached hollow uniform plastic 
balls. The upper and the lower balls are of radii 6 cm and 9 cm 
respectively. A small load of mass 250 g is glued at the bottom of the 
lower ball. This toy has a property that if it is tilted to one side by any 
angle and then set free, it oscillates and finally settles in vertical 
orientation. Which of the following statements are correct? 


(a) More is the mass of the load, faster is the response. 

(b) More is the mass of the lower ball, more sluggish is the response. 

(c) Mass of the upper ball should be less than 150 g and that of the lower 
ball should be more than 150 g. 

(d) Mass of the upper ball should be less than 150 g and that of the lower 
ball may have any value. 


It is easier to break a wooden bar by bending it as compared to pulling 
it. To break a wooden bar a man holds the bar in his fists and then tries 
to twist his fists as shown in the figure, where b is width of his fists and 
lis a characteristic distance between places where he holds the bar. 


10. 


11. 


13. 


To break the bar most easily, the best strategy is to 


(a) increase l and keep b unchanged. 

(b) increase b and keep / unchanged. 

(c) increase b and J both. 

(d)It is the strength of the bar, which matters. The quantities b and l 
have no effect. 


A squirrel of mass m climbs slowly on a thin straight vertical rod of 
length L. Mass of the rod is negligible as compared to that of the squirrel 
and size of the squirrel is negligible as compared to the length / that it 
climbs on the rod. Due to weight of the squirrel, the rod bends at its 
lower end through an angle 8 and due to elasticity of the material of the 
rod a restoring torque C@ is developed. If C = 2mgl, find the maximum 
length the squirrel can climb on the rod. 

(a) L/2 (b) 3L/4 

(c) L (d) 2L 


A uniform bar AB is placed asymmetrically on two identical wedges P 
and Q that can slide on a frictionless horizontal tabletop as shown in the 
figure. Centre of the bar is C. Coefficient of static friction between the 
bar and the wedges is more than that of kinetic friction. If the wedges 
are shifted slowly with equal speeds on the tabletop towards each other, 
what will you observe? 


(a) The wedges meet below the centre C. 
(b) The wedges meet somewhere between the centre C and end B. 
(c) The wedges always slide relative to the bar until they meet. 


(d) At a time, only one wedge that is farther away from the centre C 
slides relative to the bar. 


. Arigid body is observed in equilibrium in a particular non-rotating non- 


inertial frame. What can you conclude, if the body is observed from an 
inertial frame? 


(a)The body is in rotational equilibrium but not in translational 
equilibrium. 

(b) Net torque of all the forces on the body about its mass centre is a null 
vector. 

(c) Net torque of all the forces on the body about any point that is 
collinear with line of the acceleration of the mass centre is a null 
vector. 

(d) Net torque of all the forces on the body about all the points of a line 
that is parallel to the line of the acceleration of the mass centre is a 
null vector. 


A cylinder P of radius rp is being rotated at a constant angular velocity 
Op] with the help of a motor about its axis that is fixed. Another cylinder 


Q of radius ra free to rotate about its axis that is also fixed is touched 
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14. 


15. 


16. 


17. 


with and pressed on P making an angle @between their axes. Soon after 
the cylinders are pressed against each other, a steady state is reached 
and the cylinder Q acquires a constant angular velocity. What can you 
conclude when the steady state is reached? 


(a) Angular velocity of cylinder Q is & =- Hely (sin Oi + cos 6j) f 
To COS 
; : mS Oy. as A 
(b) Angular velocity of cylinder Q is @ = ee i Oi +cosé j) . 
Ñ 
Q 


(c) Unit vector of frictional force on cylinder Q is (sin Øi + cos oj) . 
(d) Frictional force on each cylinder becomes vanishingly small. 


A uniform square plate is placed on a horizontal floor. When it is given 
an angular velocity @ about a vertical axis through one of its corners as 
shown in figure-I, it takes time tı to come to a complete stop. Now the 
same square plate is given the same angular velocity to rotate about 
another vertical axis through its centre as shown in figure-IJ. How long 
will it take to come to a complete stop now? 


A particle of mass m at a distance r from a fixed point is attracted 
towards the fixed point by a force given by equation F = k/r2, where k is 
a positive constant. If L be its angular momentum with respect to the 
fixed point, which of the following equations is correct? 


Pook 1 (dr) k P 

(a) ( -#)=0 (H afim) E-o 
1 (dr k 1 (dr k P 

© a{ Em( 2") +) -o @ afim) AE ec 


Two uniform discs A and B of equal masses and different radii ra and 
rg are mounted on fixed horizontal axles passing through their centres. 
On each of the discs, a light inextensible long cord is wound and the discs 
are held motionless. If free ends of both the cords are pulled with equal 
forces for equal amounts of time, lengths of the cord unwound from 
the discs l4 and Lg bear the relation 

(a) la > lg (b) la < lg 

(c) la = lg (d) More information needed. 


A small disc is attached at one end of a light inextensible string that 
passes through a hole in a frictionless horizontal tabletop. Initially 
the disc moves on a circle of radius R with kinetic energy Ko. The other 
end of the string is slowly pulled so that the disc finally moves on a circle 
of radius R/ņ. What is the work W done by the pulling agency? 


(a) W=0 (b) W =K, 
c) W=(7 -1)K, (d) W =(n-1)K, 


18. A horizontal disc of mass 1.0 kg mounted on a fixed vertical axle through 
its centre can rotate without friction. On the disc a semicircular groove 
OP is cut. A small ball B of mass 1.5 kg when pushed on the disc towards 
the centre O, the ball enters the groove with a speed 2.0 m/s and moves 
through the groove without friction. With what speed will the ball leave 
the disc? Neglect loss of mass due to cutting the groove. 


(a) 1.0 m/s (b) 1.5 m/s 
(c) 3.0 m/s (d) Insufficient information 


19. Two identical small beads A and B threaded on an almost inertia-less 
horizontal rod of length 2l are connected by a light inextensible cord of 
length 1.2.. Initially the beads are adjusted equidistant from the centre 
of the rod and the rod is rotating about its central vertical axis at an 
angular velocity 1/3 rad/s. At some point of time, the cord is cut and the 
beads begin to slide on the rod without friction. Neglect effects of 
gravity. Which of the following statements are correct? 


(a) Path of a bead in an inertial frame is a spiral. 

(b) Path of a bead in an inertial frame is a straight line. 

(c) To leave the rod, the beads take 4 s after the cord is cut. 

(d)To leave the rod, the beads take more than 4 s after the cord is cut. 


Questions 20 to 22 are based on the following physical situation. 


A typical conveyor belt used to transport luggage is shown in the figure. 
Strip of the conveyer belt is moving with a constant velocity vo towards the 
east. A stationary homogeneous sphere of radius R and mass M is gently 
placed on the conveyor belt. Assume coefficient of static and kinetic friction 
to be u, and uy respectively. 


20. Which of the following statements are correct? 


(a) It will appear rotating clockwise, if seen facing due north. 

(b) It will appear rotating anticlockwise, if seen facing due north. 

(c) Its linear speed relative to the ground as well as relative to the belt 
decreases. 

(d) Its linear speed relative to the ground increases and relative to the 
belt decreases. 


21. After a time t from the instant the sphere was placed on the belt, it starts 
pure rolling and moves with a velocity v relative to the ground. Which 
of the following are correct expressions for t and v? 


(a) t= (b) t= 
5E Tig 
2U, 2v 

a d) v = 22 

(c) v 5 (d) v = 


22. Work done by the kinetic friction on the sphere relative to the ground is 
Wg and relative to the belt is Wg. Which of the following are correct 
expressions for Wg and Wg? 


(a) W, =+ Mv? (b) W, = -4 Mo? 


T 0 
(c) W, =+ Mi? (d) W, = -+ Mi? 
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Questions 23 and 24 are based on the following physical situation. 


Two identical dumbbells are fabricated by welding small identical particles 
each of mass m at the ends of light identical rods each of length l. The 
dumbbells are moving in free space with equal speeds u towards each other 
without rotation as shown in the figure. Collisions between the particles are 
perfectly elastic. 


23. Angular velocity of each dumbbell after the first collision is 


u u 
d b) Z 
(a) zl (6) i 
2u 4u 
© = (d) — 
l l 
24. How many times will the dumbbells collide? 
(a) One (b) Two 
(c) Three (d) Four 


Build-up your understanding 


1. A rigid lamina is sliding on a horizontal floor with one of its flat faces on 
the floor. The floor is represented by x-y plane of a coordinate system. 
At an instant, some of the velocity components of three particles A, B 
and C of the lamina, when they occupy positions (0, 0), (1 m, 2 m) and 
(2 m, 1 m) are va, = 2 m/s, Vgs = 4 m/s and ucy = 2 m/s. Find coordinates 
of the instantaneous centre of rotation at this instant. 


2. A thread is wound on two identical bobbins placed on a horizontal floor 
with their axes parallel. Radius of the outer flanges of the bobbins is 7 
times of that of the inner spools. The midpoint of the thread is pulled 
vertically upwards with a constant velocity u. If the bobbins roll on the 
floor without slipping, find velocity of approach of their centres when 
angle between thread segments becomes 28. 


8. Spool of a bobbin rolls without slipping on a horizontal track. The radius 
of the spool is r and that of the flanges is significantly more than r. At 
some instant speeds of two diametrically opposite points on the spool 
are vı and Ug. 


(a) What is the speed of the centre of the bobbin? 
(b) Locate points on the flange that are moving vertically either upwards 
or downwards with a speed equal to that of the centre. 


4. A sphere is rolling without slipping on two horizontal and parallel rails 
that are not in the same level. Distance between the rails is equal to 
radius of the sphere. If speed of the centre of the sphere is v, find 
greatest speed of a point on the sphere. 


10. 


11. 


A toy is made by affixing coaxially two thin discs of radii rı = 9.95 cm 
and the other r = 10.05 cm at the ends of a rod of length l = 1.00 cm. 
When this toy rolls on a horizontal ground without slipping, it rotates 
about the rod, advances on a circular path and also rotates about a 
vertical axis. If centre of the rod moves with a speed uc = 10.0 cm/s, find 
angular velocity of the toy about the vertical axis. 


A car is moving on a circular path of radius R = 20 m and its wheels are 
rolling without slipping. Wheels of the car are of radius r = 25 cm and 
length of an axle that is distance between the wheels on the same axle 
is l =1.5 m. If speed of midpoint of an axle is ve = 36 km/h, find amount 
with which angular velocity of the outer wheel on this axle exceeds that 
of the inner wheel. 


Two identical wheels each of radius R are harnessed by connecting their 
axles with a rigid rod and pivotally connecting midpoints of two parallel 
spokes with a bar. A box is placed on the bar and the assembly is made 
to move on a horizontal track with a gradually increasing speed 
maintaining rolling without slipping. Coefficient of friction between the 
bar and the box is wz and acceleration due to gravity is g. Find speed of 
the centre of the wheels at which the box begins sliding with respect to 
the bar. 


A uniform rod of length 100 cm and mass 1.0 kg is supported between 
two walls with the help of frictional forces. If maximum frictional force 
between an end of the rod and the wall is 20 N, where on the rod cana 
kitten of mass 2.0 kg sit safely? 


If a load A of unknown mass is suspended at one end of a rod of length l 
and another load B of mass m = 30 kg at the other end, the rod stays 
horizontal provided that the rod is pivoted l/p away from its centre O 
towards the load B as shown in the first figure. In the absence of the 
load A, the rod stays horizontal, if it is pivoted l/q away from the centre 
towards the load B as shown in the second figure. If p = 4, q = 3, find 
mass of the load A. 


A balance consists of a straight light rod A, a right-angled light rod B 
rigidly welded with rod A and a fixed fulcrum F. Four loads are 
suspended from the balance with the help of light threads as shown in 
the figure. The rods have equidistant marks on them. If the masses of 
three loads are known (m = 6 kg), find the mass of the load C, 


A uniform bar of mass mọ = 10 kg is placed on a frictionless horizontal 
floor and its ends are fixed. If midpoint of the bar is pulled by a gradually 
increasing force F applied perpendicular to the bar as shown in the first 
figure, the bar breaks at its midpoint when the force F becomes Fo = 150 
N. Now another identical bar is placed on the floor and identical blocks 
of masses m = 5 kg are attached at the ends with the help of light 
inextensible cords as shown in the second figure. What maximum force 
F can be applied perpendicular to the bar at its midpoint so that the bar 
does not break? 
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17. 
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A rod of mass m = 4.0 kg is suspended from the ceiling with the help of 
an inextensible cord and a spring. In equilibrium, the cord and the 
spring are vertical and the rod stays at an angle 15° above the horizontal 
as shown in the figure. When an unknown load is suspended from the 
rod at the end connected with spring, the rod turns clockwise and stays 
at angle 15° below the horizontal. If in the second case extension in the 
spring is 7 = 2 times of that in the first case, find mass of the unknown 
load. 


A uniform bar is placed on a horizontal frictionless tabletop. Two pulleys 
are rigidly attached at the ends of the bar and two loads A and B of 
masses mı and Mə are suspended with the help of a light inextensible 
cord as shown in the figure. The pulleys attached to the bar and on the 
ceiling are to be considered ideal. If the bar stays horizontally on the 
tabletop in equilibrium, find its mass. 


A cardboard strip, folded in U shape, is placed on an inclined plane, as 
shown in the figure. Length of the two parallel sections is 7 = 1.5 times 
of the length of the middle section, that is a square. At what minimum 
angle of inclination 0 of the inclined plane with the horizontal, will the 
cardboard topple? Friction is sufficient to prevent sliding. 


. A cup having shape of a frustum of a cone is placed on a horizontal 


tabletop. Mass of the cup is m = 20 g and diameter of its bottom is d = 5 
cm. A uniform rod of mass M = 10 g is placed in the cup as shown. The 
rod is inclined at an angle 0 = 60° to the horizontal. Find maximum 
length / of the rod so that the system will not turn over. 


A cylindrical pipe of radius R and mass M is placed vertically on a 
horizontal floor. Two identical spheres each of radius r and mass m are 
inserted in the cylinder as shown in the figure. Radius of the spheres is 
more than 0.5R. At what minimum value of m/M will the arrangement 
topple? There is no friction between the spheres and between a sphere 
and inner wall of the cylinder. 


In a circus show, several clowns stand on wooden boards arranged in a 
queue. Each board can rotate about a fixed fulcrum that divides its 
length in ratio 2:1. A portion of the scheme is shown in the figure. A 
small load of mass 30 kg is placed on the end of the leftmost board and 
the clowns stand keeping their feet at the ends of adjacent boards. If 
mass of a clown is 80 kg and that of a board is negligible, find the 
maximum number of clowns that can keep balance in this way. 


.In the arrangement shown three loads are suspended in equilibrium 


from three pulleys. The segment of the rope between each of the 

uppermost pulleys and the outermost pulleys leans at angle 0 with the 

vertical. 

(a) What is the ratio of masses m:M? 

(b) Find range of coefficient of friction between the walls and the 
outermost pulleys. 

(c) What is the nature of the equilibrium? 


19. 


20. 


21. 


23. 


24. 


Upper edges of two identical uniform planks each of mass M = 87 kg 
and length /= 1.0 m are hinged to a horizontal axle affixed to the ceiling. 
A cylinder of mass m = 20 kg and radius r = 0.30 m is inserted 
horizontally between the planks as shown. The cylinder touches the 
planks at a distance 7 = 0.75 times the length of the plank from the 
hinge. Find range of coefficient of friction between the planks and the 
cylinder to keep the system in equilibrium. 


A structure consisting of two identical square plates of side 1 = 40 cm 
hinged to a common axle at one of their edges is placed on a fixed 
horizontal cylinder of radius r = 10 cm as shown in the figure. There is 
no friction between the cylinder and the plates. At what angle with 
vertical will the plates lean in equilibrium? 


A cylinder of mass M = 2.0 kg is placed on two parallel rails inclined at 
an angle 0= 37° to the horizontal (side view shown in the figure). A load 
of unknown mass is suspended from a light inextensible cord wound on 
the cylinder. The cylinder is held initially at rest and then released. If 
the cylinder starts rolling up the rails without slipping, what should 
mass of the load be? 


. Athin uniform rod of mass m stays in equilibrium on the top of a fixed 


horizontal cylinder perpendicular to the axis of the cylinder. Length of 
the rod is equal to circumference of the cylinder. A beetle of mass 0.2m 
starts crawling slowly from the centre of the rod and reaches an end of 
the rod. As the beetle crawls on the rod, the rod rotates slowly without 
slipping on the cylinder. Find coefficient of friction between the cylinder 
and the rod for which the above movement is possible. 


A rear wheel drive car moves with a constant speed v = 20 m/s on a 
circular path of radius r = 200 m on a horizontal ground. Centre of 
gravity of the car is close to the ground and equidistant from all the four 
wheels that have negligible mass as compared to rest of the car. 


(a) What should the minimum coefficient of friction between the tyres 
and the ground be to make this movement of the car possible? 

(b) If coefficient of friction is made double, in how much minimum time 
can the driver of the car increase speed from 20 m/s to 20.5 m/s on 
the circular path? 


A metal pipe bent at right angle at its midpoint is pivoted to a fixed 
support at one of its ends so that it can rotate freely in its plane about a 
horizontal axis through the pivoted end. A flexible hose is connected at 
the pivoted end. When water is fed at a particular rate into the pipe, the 
upper arm of the pipe makes an angle æ with the vertical as shown in 
the figure. If the rate of feeding water is gradually made 7 times, find 
an expression for the angle 2, which the upper arm of the pipe will make 
with the vertical. 


. A light rigid rod is placed on a frictionless horizontal floor and blocks of 


masses of m and 2m are attached to the ends of the rod with the help of 
light inextensible cords. If a horizontal force F is applied perpendicular 
to the rod at its midpoint as shown in the figure, what will acceleration 
of the midpoint of the rod be? 
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Two identical square laminae connected by two rods A and B are placed 
on a frictionless horizontal floor with their flat faces on the floor. The 
rods are free to rotate at the joints where they are connected with the 
laminae. The rod A is pulled horizontally at its midpoint perpendicular 
to the rod by a constant force F as shown in the figure. Find moduli of 
the reaction forces Fa and Fg between one of the laminae and the rods 
A and B respectively. Consider the following cases. 


(a)Mass of each rod is negligible as compared to that of a lamina. 
(b) Mass of each rod is equal to that of a lamina. 


. Inside a fixed frictionless spherical cavity of radius r, a dumbbell is held 


touching the bottom of the cavity at its lower end. The dumbbell consists 
of two identical small balls each of mass m affixed at the ends of a light 
rod of length rV2. What will the force of interaction between the lower 
ball and the cavity be immediately after the dumbbell is released? 


A light rigid pipe is suspended with the help of two light inextensible 
vertical threads. Inside the pipe, two balls one of mass m and other of 
mass 2m can slide without friction. Initially the pipe is horizontal and 
the balls stay equidistant from each other and from the ends of the pipe 
as shown in the figure. How many times will the tension force in the 
thread A change, immediately after the thread B is cut? 


. A uniform cylinder is held motionless in a horizontal stationary pipe at 


an angular position 0= 30° touching inner surface of the pipe. Radii of 
the cylinder and the pipe are r = 0.2 m and R = 2.0 m respectively. The 
pipe is now made to rotate about its fixed horizontal axis with a constant 
angular acceleration and the cylinder is released. If the axis of the 
cylinder remains motionless, find the angular acceleration of the pipe. 


In the arrangement shown, masses of blocks are my = 5 kg, mı = 5 kg 
and mz = 10 kg and radius of the movable pulley is r = 10 cm. The 
threads and the pulleys are ideal and friction between the blocks and 
the horizontal surface is negligible. Find change in angular velocity of 
the movable pulley in a time interval At = 0.22 s. Acceleration of free fall 
is g = 10 m/s2. 


A light rigid tube is welded along a diameter of a uniform cylindrical 
pipe of mass M and radius r. A bead of mass m connected by two 
identical light springs each of force constant k can slide inside the tube. 
Other ends of the springs are connected to the pipe as shown in the 
figure. The pipe is held motionless on a horizontal floor, the bead is 
pulled aside a distance x away from the centre of the pipe and then the 
pipe and the bead both are released simultaneously. If the cylinder rolls 
without slipping on the ground, find acceleration of its centre 
immediately after the system is released. 


A uniform hollow cylinder of mass m rests on a wedge of mass M that is 
held on a frictionless slope of inclination @ as shown in the figure. 
Friction between the cylinder and the top horizontal surface of the 
wedge is sufficient to prevent sliding of the cylinder after the wedge is 
released. Find acceleration of the wedge after it is released. 


33. 


34. 


35. 


36. 


In the setup shown, masses of the pulleys and the thread are negligible 
as compared to mass m of the load hanging from the lower pulley. 
Radius of the smaller drum of the two-step pulley (drums of a two-step 
pulley are coaxially fixed preventing them to rotate independently) is r 
and that of the larger drum is R. There is no friction at the axles of the 
pulleys whereas friction between the thread and peripheries of the 
pulleys is sufficient to prevent slipping. Acceleration of free fall is g. If 
the free end P of the thread is pulled horizontally with a constant 
velocity v, find power delivered by the pulling agency. 


In the setup shown, the pulley and the threads are ideal, the spring of 
force constant k is massless, the wheel has all its mass m uniformly 
distributed in its rim, the harness used to connect wheel axle with the 
spring and with the thread is massless and the loads A and B are of 
masses m and 3m respectively. Initially the harness is held motionless 
keeping the spring relaxed and then released. If the wheel rolls on the 
horizontal tabletop without slipping, find maximum tension developed 
in the thread connecting the loads. 


A uniform wheel of mass m and radius r is free to rotate about a 
horizontal massless axle that passes through its centre. A horizontal 
conveyor belt is running underneath the wheel with the help of a motor 
at a constant velocity u perpendicular to the axle of the wheel. Radius 
of gyration of the wheel is k. 


(a) The wheel is lowered on the belt and then pressed down holding the 
axle stationary. Find additional energy delivered by the motor during 
the process of slipping. 

(b) The wheel is gently released on the belt. Find additional energy 
delivered by the motor during the process of slipping. 


A cart consists of a box of mass m mounted on four identical wheels. 
Total mass of all the four wheels is also m. When released from rest on 
a uniform slope of inclination 0 = 30°, the cart rolls down a distance l = 
15 m in time tọ = 3.0 s. Now a load of mass m is put in the box of the cart 
and the cart is again released on the slope. If the load does not slide in 
the box, calculate time taken by the cart to roll down the same distance 
again. Acceleration due to gravity is g = 10 m/s?. 


37. A rear-wheel drive car of mass m, engine of which delivers a constant 


power p starts from rest on a straight level road. Coefficient of friction 
between tyres and the road is uw. If centre of gravity of the car is close to 
the road and equidistant from all the four wheels and masses of the 
wheels are negligible as compared to mass of the rest of the car, how 
does speed of the car vary with time? 


38. A particle of mass m placed on a frictionless horizontal floor is connected 


with the help of a light elastic cord to a nail O driven in the floor. The 
particle is pulled stretching the cord to a point A on the floor at a dista- 
nce lo = 12 cm from the nail and projected horizontally perpendicular to 
the cord. If the particle is observed moving with a velocity v = 24 m/s at 
a point B a distance / = 10 cm away from the nail at an angle 0= 37° 
with the cord as shown, find the velocity of projection of the particle. 
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A homogeneous sphere of radius R = 10 cm rotating about its vertical 
diameter is gently released on a hole of radius rı = 8.0 cm made in a 
fixed horizontal slab. Centre of the hole is vertically below the centre of 
the sphere. The sphere stops in a time interval Af, = 9.0 s. Calculate 
time interval required to stop the same sphere, if it is placed rotating 
with the same angular velocity on a hole of radius r = 6.0 cm made in 
another identical horizontal slab. 


Three identical uniform cylinders are mounted on frictionless horizontal 
axles passing through their centres. They are given equal angular 
velocities @p each and then gradually brought into contact preventing 
any vertical movement and rotation of their axles. 


(a) Find angular velocities of the cylinders after they stop slipping. 
(b)Can you use principle of conservation of angular momentum to 
analyse the situation? 


Two insects each of mass m are at opposite ends of a diameter of a 
turntable, moment of inertia of which is J about its central vertical axis. 
The turntable is rotating freely and both the insects start crawling 
slowly towards each other on the turntable. At what distance r from the 
centre of the turntable, do the insects have to apply maximum 
horizontal force on the turntable? 


g 


Check your understanding 


1. 


Two identical thin rigid rods AB and CD each of length L touching each 
other at point P rotate in a plane about their stationary ends A and C 
that are a distance h apart. Velocities of their ends B and D have 
constant moduli vı and v2 respectively. Find component of velocity of 
their point of intersection P along the rod AB when the rods make angles 
aand 2 with the line AC. 


Free ends of two inextensible cords wrapped on a massive disc of radius 
r = 10V3 cm are affixed to the ceiling at two different points. Both the 
cords and the disc are in the same vertical plane. At an instant after 
the disc is released, angles made by the cord with the ceiling are 0= 67° 
and ¢ = 53° and angular velocity of the disc is œ = 5.0 rad/s. Find 
magnitude of velocity of the centre of the disc at this instant. 


A disc of radius R is rolling on the inner surface of a stationary coplanar 
ring of radius 2R. If speed u of the centre C of the disc is a constant, 
write coordinates of the point A of the disc as a function of time t. At 
instant t = 0 s, the point A is in contact with the ring as shown in the 
figure. 


A boy riding a bicycle at a constant speed describes a circular path. 
Wheels of the bicycle are identical and axles are a distance l apart. If 
the front wheel rotates 7 times faster than the rear wheel, find the radii 
of the circular tracks traced by both the wheels. Neglect tilting of the 
bicycle from the vertical and slippage of the wheels. 


10. 


11. 


A square lamina ABCD with one of its flat face on a horizontal floor is 
sliding on the floor. At an instant velocity vectors of the corners A and 
B are perpendicular to each other and the corner C is moving with a 


velocity v at an angle with vector CD , tangent of which is 0.5. Find the 
velocity of the midpoint P of the side AB at this instant. 


One end of a half ring of mass m is hinged to nail A. When the ring is 
set free, its diameter makes an angle 9) with the vertical as shown in 
the first figure. Another nail is now driven into the wall, vertically below 
the former nail at a distance that is equal to radius of the ring and the 
ring is left resting on the lower nail as shown in the second figure. 
Assuming friction to be absent everywhere and acceleration due to 
gravity to be g, find horizontal and vertical components of the reaction 
force of the upper nail on the ring in the second case. 


A rod of mass M = 10 kg is hinged at its midpoint on top of a pedestal of 
height h = 50 cm and mass m = 250 g. The ends of the rod are connected 
to a ceiling with the help of two springs of equal relaxed length lo = 40 
cm and unequal force constants kı = 25 N/m and kz = 15 N/m. In 
equilibrium, the rod stays at an unknown angle from the horizontal and 
the springs are vertical as shown in the figure. If height of the ceiling 
above the floor is H = 1.5 m, find the force of normal reaction between 
the pedestal and the floor. 


A small block is released on the top of a wedge that is placed on a 
horizontal floor as shown in the figure. Mass of the wedge is M and angle 
of inclination of its slant face is @ Friction between the wedge and the 
floor is sufficient to prevent sliding and coefficient of friction between 
the wedge and the block is u. What should the mass of the block be so 
that the wedge will not topple? 


A load is suspended from one end of a uniform rod of mass m = 10 kg 
and length l with the help of a light inextensible thin cord and the 
arrangement is placed on a fixed horizontal frictionless cylinder of 
radius r as shown in the figure. In equilibrium, the rod stays at angle 0 
= 30° with the horizontal and distance between point of contact of the 
rod with the cylinder and top end of the rod is 7 = 1/V2 times the radius 
of the cylinder. Find mass of the load and ratio of length of the rod to 
the radius of the cylinder. 


A uniform right-angled triangular lamina is placed on a horizontal floor, 
which is not frictionless. One of the acute angle of the lamina is 0 as 
shown in the figure by the top view of the situation. If Fa and Fg are the 
minimum forces required to rotate the lamina about stationary vertical 
axes through the vertices A and B respectively, find the minimum force 
required to rotate the lamina about a stationary vertical axis through 
the vertex C. 


Find suitable expression for the moment of inertia of a uniform ring of 
mass m and radius r about an axis that passes through the centre of the 
ring and makes an angle @ with the plane of the ring. 


Rotational Motion 5.17 


5.18 Chapter-5 


12. 


13. 


14. 


16. 
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In the system shown, masses of pulleys and the thread are negligible as 
compared to masses m, = 9.0 kg and mz = 1.0 kg of the blocks. The upper 
pulley is a two-step pulley in which radius of the smaller drum is r = 1/3 
m and that of the larger drum is 7 = 2 times of r. At one end, the thread 
is wrapped on the smaller drum of the two-step pulley and at the other 
end the block of mass mz is attached. There is no friction at the axles of 
the pulleys whereas friction between the thread and peripheries of the 
pulleys is sufficient to prevent slipping. Acceleration of free fall is g = 10 
m/s2. When released find acceleration of the block of mass mı. 


An attempt is being made to roll a rigid sphere of mass m up a vertical 
wall. Coefficient of friction between the sphere and the wall is u. Find 
the minimum force applied on the sphere to roll it up. Acceleration of 
gravity is g. 


A thin rod of mass m is welded on inner surface of a thin walled pipe of 
mass M parallel to the axis of the pipe. The composite body thus formed 
is placed on a uniform slope as shown in the figure. Inclination of the 
slope is adjustable. Find range of coefficient of friction between the pipe 
and the slope for which the body slides down without rotation? 


.In free space, an assembly of two identical particles each of mass m 


connected by two identical uniform ropes is rotating at a constant 
angular velocity w about an axis passing through the centre of the line 
segment joining the particles. The ropes fan out due to inertia and 
assume a curved shape as shown in the figure. If distance between the 
midpoints of the ropes is d, tensile force at the midpoint of a rope is T 
and the included angle between the ropes at the particles is Ø, find the 
distance l between the particles. 


Three small balls A, B and C each of mass m are connected by three thin 
light rods each of length l to make an equilateral triangular structure. 
The structure is sliding on a frictionless horizontal floor with all the 
three balls on the floor. At an instant, the ball A is observed moving with 
a velocity v along the rod AB and the ball B moving along the rod BC. 
Find moduli of tensile forces developed in each of the rods. 


Three identical light rods are rigidly connected to frame a T-junction. At 
the free ends of each rod, identical particle like balls each of mass m = 
\5 kg are affixed and the junction is so pivoted that the frame can rotate 
without friction in a vertical plane containing the frame. Now the frame 
is tilted through an angle 0 = 37° and released. Find magnitude of the 
force exerted by the middle rod on the ball connected to it and the angle 
made by this force vector with the middle rod immediately after the 
frame is released. Acceleration of free fall is g. 


An important criterion in car design is the maximum slope that a car 
can climb. Consider two cars similar in all parameters; except, one is a 
rear-wheel drive and the other is a front-wheel drive. Distance between 
the front and rear axles is l = 3 m, mass centre is at a height h = 0.75 m 
above the road and equidistant from all the wheels and coefficient of 
friction between the tyres and the road is w= 0.8. For simplicity, neglect 
masses of the wheels as compared to the rest of the car. 


20. 


23. 


(a) Which car is better in accordance with mentioned criterion? 
(6) What maximum uniform slope can the better car climb? 


. A uniformly filled container of height h and length l is placed on a 


horizontal plank that can slide on a horizontal floor. Along one of the 
bottom edge of the container, a small triangular wedge like support is 
welded and at the other bottom edge extremely light and small rigid 
wheels are fitted as shown in the figure. There is no friction at the axles 
of the wheels. If the plank is made to move towards the right with an 
acceleration do, the container begins to slide. Find retardation with 
which the plank moving towards the right can be stopped preventing 
the container from sliding and toppling respectively. 


A uniform rigid lamina of mass M and area S can rotate about a fixed 
vertical axis that is in the plane of the lamina. While the lamina is 
rotating, excess pressure p created by forces of air resistance at a point 
on the lamina is given by equation p = kv, here kis a positive constant 
and v is speed of the point under consideration. If the lamina is given an 
angular velocity @), how many revolutions will it make before coming to 
a complete stop? 


. To insert into or draw out, a cylindrical rod tightly fitted in a circular 


hole, a usual practice is to apply a necessary axial force (push to insert 
and pull to draw out) and simultaneously rotate the cylinder. Moreover, 
we do it in steps because by hands we cannot continuously rotate the 
rod. 


(a) How does this technique work? 

(b) Let in each step of duration Aż, the rod rotates at a constant angular 
velocity œ and advances axially by a constant linear velocity v under 
action of a constant axial push F. Find the torque applied on the 
cylinder. Radius of the rod is r. 


. Very often, you have seen an insect dragging an object much larger and 


heavier than it. The figure is a top view of an ant dragging a straw that 
is much larger and heavier than the ant. The ant pulls the straw at one 
end rotating it slightly then it does the same action at the other end and 
so on. 


(a) How does this technique work? 

(b) An ant is dragging a straw of mass m on a horizontal floor by this 
technique. Coefficient of friction between the straw and the floor is 
u. How much force F does it have to apply? 


A uniform disc rotating about its vertical axis of symmetry is gently 
placed on a horizontal floor with one of its flat face on the floor. The floor 
has two portions, where coefficients of frictions between the disc and the 
floor are 4 = 0.78 and u = 0.67. Consider the line dividing the two 
portions as y-axis and the point where centre of the disc is placed as the 
origin of a coordinate system as shown in the figure. Find acceleration 
of the centre of the disc immediately after it is placed on the floor. 
Assume acceleration of free fall to be g = 10 m/s? and z= 22/7. 
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A uniform disc of radius R rests with one of its flat faces on a horizontal 
floor. Coefficient of friction between the disc and the floor is u. The disc 
is given an angular velocity @ọ about its central vertical axis and 
simultaneously a horizontal velocity v9 (Vo << Rq@g). Find suitable 
expression for initial acceleration of the mass centre of the disc. 


Two identical uniform cones A and B can rotate freely about their fixed 
central axes, pressing each other uniformly on their entire tapered 
length as shown in the figure. If the cone A is rotated with a constant 
angular velocity wa, how much angular velocity will the cone B 
ultimately acquire due to friction between the cones? 


A right-angled triangular wedge is placed on a frictionless horizontal 
floor with its vertical face touching a wall. Inclined face of the wedge 
makes an angle 0 with the floor. A wheel of mass M is released near the 
top of the wedge. During downward movement of the wheel, the wedge 
exerts a constant force F on the wall. Acceleration of free fall is g. 


(a) How much speed will the centre of the wheel acquire after covering 
a distance s? Consider both the cases i.e. rolling with slipping and 
rolling without slipping. 

(b) After covering equal distances, in which case will the centre of wheel 
acquire higher speed? 


A dumbbell constructed by affixing of two identical small balls at the 
ends of a thin light rod rests aligned along a longitude on a frictionless 
horizontal floor. Now a constant force F always directed towards the 
east is applied on one of the balls. Find the maximum tensile force 
developed in the rod. 


A bead is fixed on a rigid ring of radius r and of mass that is negligible 
as compared to that of the bead. Assembly thus formed is held 
motionless on a horizontal floor with the plane of the ring vertical and 
the bead on the top. Coefficient of friction between the ring and the floor 
is u. Now the assembly is given a slight push so that the ring starts 
rolling. Acceleration of free fall is g. 


(a) By how much angle will the ring rotate before it begins to slide? 
(b) Find speed of the centre of the ring when the ring begins to slide? 


. Motor of a toy car of mass m = 1.0 kg delivers a constant power p = 50 


W. Coefficient of friction between a horizontal floor and the tyres of the 
car is u = 0.5. Calculate time required to accelerate the car from rest to 
a speed v = 20 m/s on this floor. Consider both the types: four-wheel 
drive and rear-wheel drive. For simplicity, ignore masses of the wheels 
and the air resistance and consider centre of gravity of the cars 
equidistant from all the wheels and very close to the floor. 


A light rigid rod is pivoted at its lower on the ground. The rod is turned 
to make an angle 0 with the vertical and a small bead of mass m is 
affixed at its upper end as shown in the first figure. When the rod is 
released, the bead hits the ground in time tọ. Now an additional small 
bead of mass ym is affixed at the midpoint of the rod and the rod is again 


3l. 


32. 


33. 


34. 


released from the same angle 8 with the vertical as shown in the second 
figure. In how much time now will the beads hit the ground? 


A body of circular section rolling on a horizontal track with a velocity u 
= 5.0 m/s crosses a slightly elevated curved section AB of the track in 
time At, = 5.0 s without slipping anywhere. On the elevated section, 
change in gravitational potential energy at any place is much smaller 
than initial kinetic energy of the body. The length of the section AB is l 
= 20 m. 


u 
oA EEE 
Now on the horizontal track consider a slightly depressed section CD, 
profile of which is a mirror image of the section AB. If the same body 


enters the section CD rolling with the same velocity u, how much time 
will it take to move from point C to point D? 


O C D 
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A homogeneous plank of mass M and length L is released gently on an 
inclined rolling mill, which consists of a large number of uniform 
horizontal cylindrical rollers. Axes of the roller are fixed parallel to each 
other in a plane inclined at an angle 6 with the horizontal with a 
separation l (L << L) between two adjacent axes. The mass of a roller is 
m, each roller can rotate about its axis without friction and acceleration 
due to gravity is g. Long time after the plank is released; it acquires a 
steady speed v. Find this steady speed. 


A stationary point source creating a potential field is at the origin O of 
a coordinate frame. Potential energy of interaction of this source and a 
particle of mass m is given by equation U = -k/r*, where k is a positive 
constant and r is distance of the particle from the source. The particle is 
projected with an initial velocity u from an infinitely distant point. 
Distance between initial line of motion of the particle and the source is 
b as shown in the figure. What should the minimum value of b for this 
projection velocity be so that the particle will not hit the source? 


A bead of mass m is attached to lower end of a light inextensible thread 
that passes through a small frictionless hole in a horizontal tabletop. 
The upper end of the thread is held motionless. The bead is pulled aside 
and projected horizontally to move on a circular path of radius R with a 
speed vo at a particular depth below the tabletop. Find work done in 
slowly pulling the thread upwards to reduce the depth of circular path 
of the bead to half of its previous value. 


. An almost inertia-less plank AB can rotate about a stationary horizontal 


axle O. Its end B rests on a platform where a small block of mass m is 
placed on it at a distance / from the axle as shown in the figure. A bead 
of mass mo dropped from a height ho hits the platform near the end A 
at a distance lo from the axle. If all the collisions are perfectly elastic 
and every object is perfectly rigid, find height h to which the block will 
jump. 
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A uniform sphere of radius R and mass M is rotating with an angular 
velocity Oi in free space. A bullet of mass m moving in the positive z- 


direction hits the sphere at a distance 0.2R from the z-axis and comes 
out almost in no time with a vanishingly small velocity without any 
appreciable loss of mass of the sphere. As a result, the sphere starts 
rotating with an angular velocity @) about the y-axis in such a way that 
point P appears moving in the positive z-direction. Find velocity of the 
mass centre of the sphere after its interaction with the bullet? 


Two identical discs each of radius r and mass m having plate-like light 
protrusions are coaxially mounted on a thin vertical pole that is fixed on 
a horizontal floor. A small spring of force constant k is affixed on the 
protrusion of the lower disc as shown in the figure. The upper disc is 
given an angular velocity w) and gently released on the lower disc. 
Friction is absent everywhere. 


(a) Find the maximum compression of the spring. 
(b) Find angular velocities of the upper and the lower discs when the 
spring becomes relaxed. 


Two identical uniform discs each of mass m and radius r are placed on 
a horizontal frictionless floor. One of the disc is given an angular velocity 
æ about its stationary vertical central axis and the other is projected 
with a horizontal velocity u without rotation for a head-on collision to 
occur between them. If the collision is perfectly inelastic and slipping 
between the discs ceases in the end of the collision, find angular 
velocities of the discs and speeds of their centres after the collision. 


A uniform cylinder of radius r rolling with a velocity u on a horizontal 
floor collides elastically with another identical cylinder kept at rest 
parallel to the former one. Coefficient of friction between a cylinder and 
the floor is 4 no friction acts between the cylinders during the collision 
and acceleration of free fall is g. Find separation between the cylinders, 
when relative acceleration between their centres vanishes. 


A light rod of length l pivoted at its lower end on the ground can rotate 
is any direction. A particle of mass m is affixed at its upper end and the 
rod is held and an angle 4 = 37° from the vertical as shown in the figure. 
Now the particle is given a horizontal velocity u = V2 m/s perpendicular 
to the rod. At an instant in the subsequent motion, when the rod exerts 
no force on the particle, what is the angle 8 made by the rod with the 
vertical and what is that horizontal component of velocity of the particle 
which is perpendicular to the rod? Acceleration of free fall is g = 10 m/s?. 


A water sprinkler system consists of a tube bent into S shape. This tube 
rotates in a horizontal plane about a vertical axis through its centre 
when water flows out from its nozzles. Top view of the tube is shown in 
the figure. Moment of inertia of the rotating tube including water about 
the axis is J, cross-section of outlet of a nozzle is S, density of water is p, 
water flow velocity relative to the nozzles is u and length 6 of the nozzles 
is much smaller than the length / of the tube arms. Neglect all types of 
frictional and viscous effects. 


Challenge your understanding 


1. 


(a) Derive an expression for the initial angular acceleration of the tube. 
(b) Derive an expression for the angular velocity wof the tube as a 
function of time t. 


A lamp is attached on circumference of a horizontal disc that is sliding 
on a frictionless horizontal floor in a dark room. The lamp emits sharp 
light pulses of different colours at regular intervals of r= 1.0 s. Colours 
of the pulses repeatedly change in a sequence that is red, green, yellow, 
blue, and purple. Mass centre of lamp, its power supply and the disc 
coincides the centre of the disc. In a particular time interval, locations 
where four pulses are observed are shown in the following graph. 
Calculate radius R of the disc, velocity ve of the centre of the disc and 
angular velocity ø of the disc. 


You find a table of height h = 1.0 m and a square top of side l = 1.0 m. 
One leg of the table is slightly shorter than the other three legs by 
amount Ah = 1.0 cm. When the shorter leg is touching the ground, the 
top is slightly tilted. To make the top horizontal, you have to put a 
minimum mass my = 200 g on the tabletop at the corner opposite to the 
shorter leg. Find the mass M of the tabletop. Assume perfectly 
horizontal floor, uniform tabletop and very light thin legs. 


A light rigid square plate of side l is suspended horizontally with the 
help of four identical vertical wires affixed at their lower ends on each 
of the corners of the plate. The upper ends of the wires are affixed to a 
horizontal ceiling. All these wires are elastic and have very high force 
constant. Find region of the plate in which if you stick a load much 
greater than that of the plate, every wire will remain taut. Acceleration 
of free fall is g 


A boy is driving his bicycle at a constant speed on a circular path on a 
horizontal ground. To do so he turns the handle so that the front wheel 
makes an angle 0 with line joining centres of the axles of the wheels. 
Distance between the axles is l. Coefficient of friction is the same 
between both the tyres and the road. Calculate the minimum coefficient 
of friction between the road and the tyres, so that the cycle does not slip. 
Assume mass centre of the cycle and the boy equidistant from both the 
axles and acceleration of free fall is g. 


Particle-like balls each of mass m are affixed at both the ends of a light 
rigid rod of length l. The composite body thus formed is suspended from 
a nail O with the help of two light inextensible cords affixed on each ball. 
Length of each cord is also l. Now arrangement is pulled aside bringing 
one ball in level with the nail and keeping both the cords straight and 
then released. Find maximum tension Tmax in a cord in the subsequent 
motion. Acceleration of free fall is g. 
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A light ring of radius r wearing two identical beads A and B each of mass 
m is hinged at its top point O in such a way that it can rotate freely in 
its plane about a horizontal axis through the hinge O. The bead A is 
affixed on the ring and the bead B is held so that they occupy positions 
of the ends of the horizontal diameter of the ring and the system stays 
motionless. The ring is well lubricated so that the bead B can slide with 
negligible friction on the ring. 


Determine acceleration of the beads immediately after the bead B is 
released and final angle of rotation of the ring when all motion ceases 
after a long time due to the little viscous friction between the bead B 
and the ring. Acceleration due to gravity is g. 


A uniform annular disc of outer radius R and inner radius r is coaxially 
mounted on a fixed cylinder. Radius of the cylinder is slightly smaller 
than inner radius of the disc to allow the disc to rotate as a pulley and 
the fixed cylinder as an axle. Coefficient of friction between the disc and 
the cylinder is u. A light inextensible rope supporting two loads of 
masses m and M >m passes along the upper half periphery of the disc. 


S DT Do DS 


ANSWERS 


Find the acceleration a of the load M. Acceleration of free fall is g. 


ND HINTS Multiple Choice Questions 
(c) 7. (ad) 13. (b) and (c) 19. (b) and (c) 

(a) and (b) 8. (b) and (d) 14. (a) 20. (b) and (d) 

(c) 9. (b) 15. (d) 21. (b) and (d) 

(c) 10. (c) 16. (c) 22. (a) and (d) 

(a), (b) and (c) 11. (a) and (d) 17. (c) 23. (c) 

(d) 12. (a), (b) and (c) 18. (a) 24. (b) 


| Build-up your understanding | your understanding 


1. 


(0, —2) 
Velocity vectors U,, Ug of any two particles 


P and Q of a rigid body and its angular velocity 
vector @ bear the following relation. 

dp = 0, + @x QP 
Assuming coordinates (x, y) of instantaneous 


centre of rotation and assigning it zero speed, 
use information regarding particles at locations 


A, B and C together with the abovementioned 
idea and make necessary equations to find the 
unknowns. 

Alternatively, you may quicken the process by 
using the fact that any two particles of a rigid 
body must have same velocity component along 
the line joining them. From information of the 
particle A and B, first find the angular velocity 
and then by using simultaneously the angular 
velocity and information of particle at point C, 


find y-component of velocity of A. Thereafter use 
abovementioned equation for the particle A and 
the instantaneous centre of rotation. 


2nucos@ 
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(b) Points on the circumference of the flanges to 
the left and to the right of the instantaneous 
axis of rotation 


4. i) 


The point of the sphere having greatest 
speed must be farthest from the chord joining 
the rails that is also the instantaneous axis of 
rotation. 


2Vo (7, a 


= 0.10 rad/s 
I(r, +7) 


Angular velocity of the circular motion of 
the centre of the axle is equal to the angular 
velocity of its rotation about the vertical axis. 


6. is = 3.0 rad/s 
rR 


7 2ugR 
J1+ g? 


8. Within 25 cm on either side of the mid-point of 
the rod 


m{ 24) =5.0 kg 
pt2 


so 


2m 
10. —=4k 
3 g 
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At the verge of toppling the mass centre of 
the U shape structure must be vertically above 
the bottom edge of its middle section. 


M cos@ 
m R 


M lin ~ 2(R-r) 


When the pipe is at the verge of toppling, 
force of the normal reaction on the pipe from the 
ground must be concentrated at the rightmost 
bottom point of the pipe. Moreover, at this stage, 
net torque of forces of normal reactions by the 
spheres on the inner surface of the pipe and 
weight of the pipe about the rightmost bottom 
point of the pipe must be a null vector. 


Alternatively, consider increment in gravitat- 
ional potential energy of the system on slightly 
tilting the cylinder about an axis through its 
contact point with the floor located extreme 
right. For stability of the system, this increment 
must be a positive quantity and for instability of 
the system 1.e. toppling this increment must be 
a negative quantity. 


3 


By adjusting his posture, a clown can put 
equal or unequal load on his legs and hence on 
the planks. 


(b) ua 


Do not forget to consider equilibria of the 
left-most or the right-most pulleys touching the 
walls. 


(a) we z G) Stable 
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Mass of load must be greater than that 
required to maintain the system in equilibrium. 
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B 


Qu” 
(a) —=0.4 (b) 0.125 s 

gr 
While a vehicle is executing a curve, 
frictional forces providing the necessary centri- 
petal force to the vehicle acts only on those 
wheels that are steered. 


fB=tan" 5) +sin! G sin fe —tan” o) 


The pipe including the water in it is under 
action of the forces that are reaction of the pivot, 
gravity and thrust force imparted by water 
leaving the lower end. In equilibrium, net 
torque of all these forces about the pivot must 
be a null vector. 


. 1/6 times 


2gsind 
R 


The cylinder is in translational equili- 
brium but not in rotational equilibrium. 


= 5.0 rad/s 


(m: midi )mgAt = 2 rad/s 


fm, (m, +m, ) + 4m,m, | r 


xr(mg + 2kr) 
mx? + 2Mr? 
Write equations, first for acceleration of 


mass centre of the cylinder using Newton’s laws 
and the second for angular acceleration of the 
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given system considering torques of all the 
external forces about a horizontal axis through 
centre of the cylinder. 

Alternatively, consider torques of all the forces 
acting on the cylinder-tube structure about the 
point of contact with the floor that is also the 
instantaneous centre of rotation. 


2(M +m)gsinð 
2M +m(sin? 0+1) 


neht) 
2 R 
5mg 


The system oscillates and the tension force 
in the thread becomes maximum when the load 
B is at the lowest position. 


mku’ 

(o r’ () r +k? 

The motor driving the belt has to develop 
an additional tangential force equal to the 
frictional force between the belt and the wheel. 
Therefore, in addition to the power required for 
normal running of the belt, the motor has to 
supply an extra power equal to product of the 
frictional force and speed of the belt during 
slipping of the wheel. 


mk?u? 


Since frictional force and speed of the belt both 
are constant and hence the additional power 
supplied by the motor during slipping of the 
wheel, the required additional energy can be 
obtained by multiplying the additional power 
with the time during which slipping between 
the belt and the wheel exists. 
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Net force on the particle is the elastic force 
of the cord, which is a central force, therefore 
angular momentum of the particle about the 
point O remains conserved. 


aa lege, 
At, = 
T, R? -rè 


Angular impulse of torque of the frictional 
forces make the angular momentum zero in the 
required time interval. 


40. (a) a, s20, o = O and a, = 2 O 
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(b) No 
Take care of the forces necessary to 


prevent vertical movements as well as rotation 
of the axles. 


I 


6m 


Angular momentum of the insects- 
turntable system about the axis of rotation 
remains conserved. In addition, at every instant 
horizontal component of the contact force 
between the legs of the insect and the turntable 
must be capable of providing the necessary 
centripetal acceleration. 
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Since the cords are inextensible, every 
particle of a cord must be in circular motion 
about the point where it is affixed to the ceiling. 
Therefore, the velocities of the points where the 
cords are leaving the disc are perpendicular to 
the strings. This information suggests how to 
locate the instantaneous centre of rotation. 


=1.0 m/s 


x= -2Reos{ ža) and y=0 
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At every instant in the process of the 
motion, angle between the position vector of the 
centre of the disc relative to the centre of the 
ring and position vector of the point A relative 
to the centre of the disc is double of the angular 
displacement of the position vector of the centre 
of the disc relative to the centre of the ring. 


Front wheel 


Rear wheel 


me, ee), mE mef a)r 
2 3 2 J3 
The first figure suggests that the angle 6o 


is the angular position of mass centre of the half 
ring from its diameter. 


4 
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1 + k, 
The rotational equilibrium of the rod 
suggests that both the springs are applying 
equal forces, therefore, the spring having lesser 


extension must have greater force constant. 
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When the block does not slide, its net force 
on the wedge is equal to its weight and acts 
vertically downwards creating no torque about 
the right bottom edge of the wedge and hence 
there is no possibility of toppling however large 
is the weight of the block. 

When the block slides, normal reaction remains 


the same as before but frictional force acting 
down the plane becomes smaller than its value 


u2 tan 


u< tan 
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Chapter-5 


when the block was not sliding. Hence, net force 
by the block on the wedge makes some nonzero 
angle with the vertical towards the right 
causing a non-zero torque about the right 
bottom edge. 


1 2 

m| H 

l-7 
antent 


l 
—=2n41+ 
r n| 1-7’ 


Jsino =15 kg and 


_ 446 
E 


F, sin? Otan 0 + F, cos’ 0 


2 
a + sin” 0) 


m, (7 = 1) —2nm, 


= 2.0 m/s” 


Tension forces in the left and the middle 
vertical segments are equal and that in the right 
vertical segment is different to satisfy condi- 
tions of rotational equilibrium of the two-step 
pulley. In addition, total length of unwound 
portion of the thread is not constant. 


so 
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The external forces are acting on the body 
are weight of the cylinder, weight of the rod and 
the total contact force. Net torque of gravitat- 
ional forces about the mass centre is always a 
null vector, therefore, to maintain rotational 
equilibrium, line of action of the total contact 
force must pass through the mass centre. 


< 


If the slope is frictionless, the rod must be at the 
point of contact. 


If there is friction between the pipe and the 
slope, to maintain rotational equilibrium for 
different values of the coefficient of friction, the 
rod must be somewhere to the right of the point 
of contact between the pipe and the slope. In 
addition, more is the coefficient of friction; 
farther rightwards must be the rod. Therefore, 
for maximum value of the coefficient of friction, 
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the rod must be to the extreme right i.e. 
horizontally rightwards of the axis of the pipe. 


2 Td 
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o\)mtan(0.56) 


Since the rope has mass, its shape is not 
changing and it is rotating at constant angular 
velocity, therefore, it can be considered to be in 
a state of rotational equilibrium like a rigid 
body. 
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(a) The rear-wheel drive car is better. 


ul 
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Consider inequality created in the normal 
reactions on the rear and front wheels due to 
inclination of the slope. 


Since the wheels have negligible inertia, net 
force required to accelerate their mass centres 
and net torque required to impart them angular 
acceleration can be neglected. 


l ae 
ae to prevent sliding 
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z to prevent toppling 


Consider inequality created in the normal 
reactions on the support and on the wheels 
during speeding up and speeding down periods. 
Since the wheels have negligible inertia, net 
force required to accelerate their mass centres 
and net torque required to impart them angular 
acceleration can be neglected. 
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. (a) Friction at every point on the rod acts 
opposite to velocity of that point relative to 
the point of the hole in contact. When you 


22 
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push and rotate the rod, a component of the 
friction acts along the periphery and the 
other component along axis of the rod. 


2 
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. (a) When the ant pulls the straw at one end, the 
straw rotates about an off centre point 
nearer to the other end. Distribution of the 
frictional forces is shown in the following 
figure. 


Ant 


tt 


14 
Vrvviie 


Distributed friction 


The net frictional force opposing the pull of 
the ant is reduced as some friction supports 
the efforts of the ant. 


(b) F > umg(J2-1) 


Consider the straw at the verge of 
rotational as well as translational equilibrium 
under the action of distributed frictional forces 
and the pull of the ant. 


; jl4-m)8 = (0.353) m/s” 
m 


| Hint} Assume the disc composed of infinitely 
large number of concentric rings. Find net 
friction force on any of the rings and then sum 
up all these forces to find net friction force on 
the whole disc. 
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The force F is different in both the cases. 
(b) When the wheel rolls down with slipping. 
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2 
Four-wheel drive: a + p 7=5.0s 
2p 2m(ug) 
n mv’ 2p 
Rear-wheel drive: —— + ———- = 8.0 s 


2P m(ug) 

Immediately after the motor is switched 
on, the wheels to which the motor delivers 
power start rotating at very high angular 
velocities as they have negligible inertia and 
slip on the road causing forces of kinetic friction 
to act. These forces of kinetic friction will 
accelerate the car until these powered wheels 
continue slipping; thereafter force of static 
friction will accelerate the car. During slipping 
period of the powered wheels, some portion of 
power delivered by the motor goes waste into 
heat and remaining portion is utilized in 
increasing kinetic energy of the car. As the car 
speeds up, velocities of the contact points of the 
powered wheels with the floor decrease and so 
does the rate of heat loss in friction. The 
moment, when powered wheels acquire state of 
pure rolling, heat loss in friction vanishes and 
whole power of the motor is now available to 
increase kinetic energy and hence to speed up 
the car. 


Since the wheels have negligible inertia, net 
force required to accelerate their mass centres 
and net torque required to impart them angular 
acceleration can be neglected. 


In a four-wheel drive car all the four wheels are 
powered wheels, in a rear-wheel drive car only 
rear wheels are powered wheels and in a front- 
wheel drive car only front wheels are powered 
wheels. In addition, Due to negligible mass, 
negligibly small frictional forces are developed 
between the floor and the unpowered wheels. 


In order to solve this question, consider the 
slipping period only, if the speed required is 
lesser than the speed at which slipping ceases, 
and consider the slipping period as well as 
period of pure rolling, if the speed required is 
greater than the speed at which slipping ceases. 


E aa 
°\2(7+2) 
By making use of work energy theorem, 


express angular velocities in both the cases as 
function of angular position. 
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These angular velocities in both the cases are in 
the same ratio at every angular position; 
moreover, this ratio is a constant. Therefore, 
time taken in both the cases must be in 
reciprocal ratio of the angular velocities. 


e At =3.0s 
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With the help of work energy theorem, 
write expression for speed v on the elevated 
track. Now using v = dl / dt and making suitable 
use of approximations suggested, write express- 
ion for time. Do the same for second track and 
eliminate the unwanted terms from the expr- 
essions. 
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In any time interval after the plank 
acquires a steady speed, a part of decrease in the 
gravitational potential energy of the plank is 
utilised in increasing total kinetic energy of the 
cylinders and the remaining part into heat loss 
setting the cylinders one by one into rotation. 


There must be a definite nonzero value of 
the closest approach between the particle and 
the source. 
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Angular momentum of the particle about 
the vertical axis through the hinge is conserved. 
In addition, the length of the rod is radius of 
curvature and the hinge is centre of curvature 
of the path followed by the particle. 


2 2 
seen (b) on tliog -2S7 | 


Water flowing out of a nozzle exerts a 
thrust force on the nozzle. Net angular impulse 
of these thrust forces on both the nozzles in a 
time interval is equal to increment in angular 
momentum of the system in that time interval. 
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1. 


5 cm, 2 cm/s, 0.57 rad/s 

Displacement Ar of the lamp between two 
consecutive pulses can be represented by vector 
sum of two components, one due to displace- 
ment of the centre of the disc and the other due 
to intrinsic rotation of the disc. 


Af = i,t +2Rsin(ta@r)é 


In the above equation ê is a unit vector in the 
direction of the displacement of the lamp 


relative to the centre of the disc between two 
consecutive pulses. This unit vector changes its 
direction by wr at every flash. 


The above equation represents vector addition 
of a constant vector U.c and another vector 
2Rsin(+ar)é of constant magnitude but for 
every flash at different angle, therefore tip of 
the resultant Ar will lie on a circle. It means 


that if we draw displacement vectors AF of the 
lamp between every two consecutive pulses as 


co-initial vectors, the tips of all these Ar vectors 
will lie on a circle as shown in the figure. 


Now incorporating necessary information from 
the graph accompanying the problem and 
knowing r = 1.0 s into the above geometrical 
construction, you can find all the required 
quantities. 


P 
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In the figure the table is shown with the 

shorter leg touching the ground. The table top 

ABCD is a square and the view is so selected 

that corner D is behind the corner B so is not 

visible. The shorter leg is at the corner A. 


CO 
A 


Within the square region bounded by lines 
joining midpoints of the sides shown in the 
figure in grey shade. 


Since the plate is light and all the wires 
must remain taut, all the corners as well as the 
centre of the plate must shift downwards. Sum 
of all the tension forces thus developed in the 
wires equals the load placed on the plate. 


Rotational Motion 5.31 


Making torque equations about two axes 
passing through the point of loading and 
parallel to the sides of the plate, you will find 
two equations involving all the four tension 
forces. 


The mass centre and a pair of diagonally 
opposite points are always on a straight line; 
therefore, shift in mass centre must be 
arithmetic mean of shifts in each pair of 
diagonally opposite points. Incorporating this 
fact and by expressing tensions in the wires in 
terms of force constant and shifts in corner 
points, you will find that sum of tension forces 
in each pairs of wires attached to diagonally 
opposite corners are equal. 

Now you can express the four tension forces in 


terms of the load, side length of the plate and 
coordinates of the point of loading. 


a 8v’ tan” 0 
glsin o(4 + tan’ 0) 
All the particles of a rigid body in rotation 


about a stationary axis must move on concentric 
circular paths, therefore the point O shown in 
the top view is the centre of circular paths 
followed by the centres of both the wheel and 
mass centre of the bicycle. 


Top View A 
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Express radii of circular paths of the wheels and 
mass centre in terms of l and 0, then consi- 
dering circular motion of the mass centre, find 
expression for the net frictional force on the 
bicycle. On the front wheel friction force is 
towards the point O and on the rear wheel 
friction force is in the forward direction. 
Component of the net friction force along the 
line CO provides the necessary centripetal force 
and the component perpendicular to the line CO 
vanishes. 
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Using work energy theorem, find angular 
velocity of the rod in terms of angular 
displacement, then by differentiating each term 
of the equation obtained with respect to the 
angular position, find angular acceleration of 
the rod. Now you can find expressions for the 
tension forces in the cords by considering mass 
centre in a circular motion and the rod with the 
particles in rotational motion as a rigid body. 
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Vertical component of acceleration of the 
bead B must be g and horizontal components of 
accelerations of both the beads must be equal 
and point towards the right. Acceleration of the 
bead A must be perpendicular to line OA. With 
these apparent observations, consider the ring 
and the bead A as rigid body. 


After all motion ceases, the bead B will settle at 
the lowest point of the ring. 
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Newton's law of gravitation, gravitational motion of planets and satellites in circular 
potential and field, acceleration due to orbits, escape velocity. 
gravity, Kepler's laws of planetary motion, 


BACK TO BASICS 


Newton’s law of gravitation: 
The magnitude of force of gravitational attraction between two point masses 
m; and mz separated by a distance r is given by the equation 


Gmm, 
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Here G is the universal gravitational constant. 


Kepler’s laws: 


Law of orbits: 
All planets move in elliptical orbits, one of the foci of which is the Sun. 


Law of areas: 


The position vector of a planet relative to the sun sweeps equal areas 
in equal intervals of time. This law finds its explanation in the 
principle of conservation of angular momentum. 


“Every great and deep diffi- 
culty bears in itself its own 
solution. It forces us to 
change our thinking in order 
to find it.” 


Niels Henrik David Bohr 
(7 October 1885 — 18 November 1962) 
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Law of periods: 


The square of the time period of revolution of a planet is proportional 
to the cube of the semi-major axis of the ellipse traced out by the 
planet. 


Gravitational potential energy: 


Potential energy due mutual gravitational interaction between particles of 
masses mı and m separated by a distance r is given by the following 
equation. 


When separation between the particles is infinitely large, the potential 
energy is arbitrarily assumed zero. 


Gx 


P y 
| Multiple Choice Questions | Choice Questions 


1. A satellite revolves in an equatorial plane in west to east direction 
around the earth with a period of 8 hrs. At an instant, it is observed 
vertically overhead a longitude. After how much minimum time will the 
satellite again be overhead the same longitude? 

(a) 8h (6) 12h 
(c) 24h (d) 36h 


2. Assume that the Earth changes its shape and turns into an infinite 
cylinder whose radius and density are the same as those of our real 
Earth and the distance of the Moon from the central axis of this 
cylindrical earth remains unchanged. What can you say about the speed 
of the Moon (which remains spherical) in its orbit around the cylindrical 
Earth? 


(a) It will slightly increase. (b) It will slightly decrease. 
(c) It will remain unchanged. (d) It will increase several times. 


3. Suppose the Saturn rings consist of football size particles orbiting in 
circular orbits. If the maximum speed of these particles is 1.05 times of 
the minimum speed, find ratio of radial width to the inner radius of the 


ring. 
(a) 0.01 (b) 0.05 
(c) 0.10 (d) 0.25 


4. Two planets A and B are orbiting around their sun in circular orbits of 
radu r and 4r. In a quarter year of planet B, how many revolutions will 
the planet A make? 


(a) 1 (b) 2 
(c) 4 (d) 8 


6. 
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An asteroid orbiting around a planet in circular orbit suddenly explodes 
into two fragments in mass ratio 1:4. If immediately after the explosion, 
the smaller fragment starts orbiting the planet in reverse direction in 
the same orbit, what will happen with the heavier fragment? 

(a) Fall on the planet. 

(b) Start orbiting the planet in a larger orbit. 

(c) Start orbiting the planet in a smaller orbit. 

(d) Escape from the gravitational interaction with the planet. 


The sun orbits the centre of the galaxy (Milky-Way) in almost circular 
path of radius R in a period T and the earth also orbits the sun in an 
almost circular path of radius r in a period t. Assume whole mass of the 
galaxy concentrated at its centre and find an expression for the ratio of 
the mass of the galaxy to that of the sun. 
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Weight of a body at the equator of a planet is half of that at the poles. If 
peripheral velocity of a point on the equator of this planet is vọ, what is 
the escape velocity of a polar particle? 


(a) vo (b) 2vo 
(c)3vo (d) 4vo 


Consider two identical particles each of mass m held at a separation ro 
in free space. One of them is given a velocity vg perpendicular to rọ and 
the other one is simultaneously released. For what range of velocity Vvo 
will the masses be bound in orbital motion under their mutual gravitat- 
ional forces. 


(a) v < i (b) v, ao 
1 1 

(c) v, <2 ee (d) v, <2 ee 
D % 


In free space, two identical particles A and B are rigidly attached at the 
ends of a light rigid rod of length rp and another identical particle C is 
held at a position in such a way that the locations of the particles make 
an equilateral triangle. The particle C is given a velocity vo tangential 
to the circumscribing circle of the triangle and the other two are 
simultaneously released. For what range of velocity vo will the particles 


be bound under their mutual gravitational forces? 


wees" Ope” 
H h 


(c) v< [6Gm (d) v, < 6Gm 
1 D 
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10. Consider a thought experiment performed in free space. In the 
experiment, a small cube C of mass m is placed at the centre of a large 
and highly massive disc D and a ball B of mass M revolves in circular 
path of radius R around the centre of the disc. The plane of the circle is 
perpendicular to the plane of the disc as shown in the figure. Intensity 
of the gravitational field of the disc near its centre is g. What should be 
range of coefficient of friction between the cube and the disc so that the 
cube remains motionless? 
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Build-up your understanding 


1. Acceleration due to gravity everywhere on the equator of a spherical 
asteroid of radius R is go. A spherical cavity with its centre in the 
equatorial plane inside the asteroid is made and then acceleration due 
to gravity is measured everywhere on the equator. The minimum 
accelerations due to gravity is observed smaller than go by m fraction of 
go at a point and at its diametrically opposite point, acceleration due to 
gravity is observed smaller than go by m fraction of go. Find radius of 
the cavity and depth of its centre. 


2. Asmall bead can slide without friction on a wooden rod of length / = 10.0 
i To oe m. Initially the rod and the bead both are held motionless with the rod 
© k—]— aligned radially with the earth. The left end of the rod is at a distance 
ro = 4 X 108 m from the earth centre and the bead is at a distance xo = 2.0 
cm away from the left end. Both the bodies are released simultaneously. 
Considering gravitational interaction only with the earth, find how long 
after the release, will the bead separate from the rod? Radius of the 
earth is R = 6400 km and acceleration due to gravity on the earth is g = 
10 m/s2. 


3. An asteroid of mass M explodes into a spherical homogeneous cloud in 
free space. Due to energy received by the explosion, the cloud expands 
and the expansion is spherically symmetric. At an instant, when radius 
of the cloud is Ro, all of its particles on the surface are observed receding 
radially away from the centre of the cloud with a velocity vg. What will 
the radius of the cloud be, when its expansion ceases. 


4. Rockets are used to launch satellites. Draw a graph to show how kinetic 
energy K imparted to a satellite varies with work done W by the rocket 
used for all possible circular orbits. Ignore effects of rotation of the earth 
and resistance of the atmosphere. Denote the mass of the satellite by m, 
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Check your understanding 
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radius of the earth by R and acceleration of free fall near the earth 
surface by g. 


A reconnaissance satellite (spy satellite) of mass m orbiting the earth at 
very low altitude experiences a retarding force. Assuming magnitude of 
this retarding force F a constant, find the time rate at which radius of 
the orbit changes when speed of the satellite is v. Acceleration due to 
gravity near the earth surface is g. 


Two space stations A and B are orbiting the earth with speed v in the 
same orbit of radius œR. Station B is a distance s ahead of station A. Two 
astronauts from station A have to join the station B. For this purpose, 
they leave station A in a spaceship and move radially to a slightly lower 
orbit and stay in that orbit and when the station B comes closest to 
them, they immediately move radially to join the station B. If time spend 
in the lower orbit is At, find separation between the orbits. 


Astronauts in a spaceship moving with a constant velocity vo observe a 
massive planet at a great distance also moving with velocity vo at an 
angle of 120° with the direction of motion of the spaceship. The 
astronauts have to reverse the direction of motion of their spaceship. 
Determine how much maximum speed in reverse direction, the 
spaceship can acquire without expenditure of fuel with the help of 
gravitational field of the planet? 


A space ship sent to study a binary star system is set into an orbit in 
order to remain always collinear with the stars. If distances of the 
spaceship from the stars are rı and rg, find ratio of masses of the stars. 
Is this orbit a stable one? 


Three material points of masses mı, mz and m3 are at the vertices of an 
equilateral triangle of side d. The system is rotating in free space in such 
a way that under the mutual gravitational interaction of the three 
particles, the system is neither expanding nor contracting. Find angular 
velocity ø of this rotation. Universal gravitational constant is G. 


a 


Two asteroids each of mass of mass M and radius R are moving in free 
space. At an instant, when their velocity vectors are U, and U, respect- 


ively, position vector of the second with respect to the first is 7,. 


Determine the condition under which they will collide. 


A satellite revolves in the equatorial plane around the earth at an 
altitude equal to radius of the earth. A very sensitive device can detect 
its shadow made on the earth surface by the sunrays. Find average 
velocity of the shadow relative to a non-rotating frame fixed with the 
centre of the earth. Escape velocity from the earth surface is Ue. 
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3. A small moon of radius r and mass m is orbiting around a planet of mass 
M in a circular orbit of radius R (R >> r) always keeping the same face 
towards the planet. If an object on the moon closest to the planet is in 
weightlessness, find suitable expression for the radius of the orbit. 


4. A spaceship is launched radially away from the earth with the help of a 
rocket. When the spaceship acquires speed vo, the rocket used is 
switched off. As the spaceship proceeds further away from the earth, its 
speed v decreases with time t as shown in the graph and eventually the 
spaceship acquires a constant velocity that is one fifth of vp. How far 
away from the centre of the earth, was the rocket switched off? 


A uniform cloud of dust particles approaches a planet from a great 
“— distance with a velocity vo relative to the planet. Radius of the planet is 
R and escape velocity from the surface of the planet is ve. Length of the 
cloud along its direction of motion is l, cross section of the cloud 
perpendicular to its direction of motion is very large and its density is p. 
How much mass of the dust particles will the planet collect during its 
passage through the cloud. Mass of the cloud is negligible as compared 
to the mass of the planet. 


ou 


Planet Cloud 
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Two spacecraft of masses m; and m, are flying with their engines off in 
the gravitational field of a star of mass M that is much larger than 
masses of the spacecraft. Speeds of the spacecraft at great distances 
from the star are equal to vı and vz, respectively. After passage around 
the star, when the spacecraft are again at great distances from the star, 
the spacecraft move with speeds vı and vz perpendicular to their initial 
directions of motion. If during passage around the star, the minimum 
distance of the first spacecraft from the star is rı, what is the minimum 
distance of the second spacecraft from the star? 


7. In ancient time, the earth was believed to be a flat disc of uniform 

thickness. Here we adopt the same model and describe the earth as a 
flat disc of radius sufficiently large say more than 40000 km. Mass 
density is uniform and is equal to p. The disc rotates about a stationary 
axis through its centre and perpendicular to its plane. Period of rotation 
equals one earth day. Universal gravitational constant is G. 
The centre of the disc is the North Pole and circular edge is the South 
Pole. All radial lines on the disc are the longitudes and all concentric 
circles are the latitudes. Direction along a latitude in the direction of 
rotation is the East. 


(a) If acceleration due to gravity at the North Pole is go, what should 
thickness of the disc be? 

(b) A shell is fired from the ground with velocity u at an angle 8 with the 
longitude containing the place of firing. How far from this longitude, 
will the shell hit the ground? 

(c) A shell is fired from the ground with velocity u at an angle with the 
latitude containing the place of firing. How far from this latitude, will 
the shell hit the ground? 


ANSWERS 


AND HINTS | Multiple Choice Questions | 


1. (b) 
2. (d) 
3. (c) 


4. (b) 
5 (d) 
6. (a) 
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(b) 10. (c) 
(d) 
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East or west from the longitude depending 
on whether the shell is fired towards the 
North Pole or away from it. 


(c) 
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The “+” and “—” signs correspond to 
eastwards and westwards directions of hori- 


zontal component of velocity of projection 
respectively. 
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Fluids, fluid statics: concept of pressure, applications; fluid dynamics: streamlined 
hydrostatic pressure, Pascal's law, buoyant and turbulent flow, continuity equation, 
force, Archimedes principle and its Bernoulli's theorem and its applications. 


BACK TO BASICS 


Fluid: 
Matter in a state in which it can flow viz. liquids and gases. 


An ideal fluid offers negligible resistance to changes in shape, if enough time 
is allowed for the changes to occur. In other words, ideal fluids are almost 
non-viscous. 

An ideal liquid differs from gases in the sense that they are incompressible 
whereas gases are not. 


Pressure: 


Ideal fluids can withstand only distributed forces that act normal to an 
interface. 


Pressure is distributed force per unit area acting along the normal to an 
interface of two fluids or an interface of a fluid with a solid or an imaginary 
interface within a fluid. 


Fluid Statics 


Fluid Statics investigates mechanical behavior of fluids every part of which 
is at rest relative to its container. 


“Science appears to us with a 
very different aspect after we 
have found out that it is not 
in lecture rooms only, but 
that we may find illustrations 
of the highest doctrines of 
science in games and gymnas- 
tics, in travelling by land and 
by water, in storms of the air 
and of the sea, and wherever 
there is matter in motion.” 


James Clark Maxwell 
(13 June 1831 — 5 November 1879) 
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Pressure variation in fluids due to gravity: 


Pressure decreases with increase in height. Difference in its value dp 
between two horizontal levels separated by infinitesimal distance dh is 
given by the following equation. 


dp = pgdh 
Here pis density of the fluid between the levels and g is acceleration due to 
gravity there. 


In similar fashion, a pressure gradient is established in accelerated fluids. 
If a fluid is accelerated, pressure inside the fluid decreases in the direction 
of the acceleration. Pressure difference dp between two imaginary surfaces 
normal to the direction of acceleration a and separated by an infinitesimal 
distance di is given by the following equation. 


dp = padl 


Pascal’s law: 


A pressure increment on any part of an enclosed fluid is transmitted 
undiminished everywhere in the fluid. 


Buoyant force or Archimedes’ force: 


A fluid exerts an upward force on an object if the object is partially or 
completely inside the fluid. This force is known as buoyant or Archimedes’ 
force. 


Magnitude of buoyant force on a body equals the weight of fluid displaced 
by the body. This idea was first coined by Archimedes and we call it 
Archimedes Principle. 


This idea can be extended to an accelerated fluid, where the net Archimedes’ 
force acts in the direction of negative pressure gradient. 


Fluid Dynamics 
Fluid Dynamics investigates mechanical behavior of fluids in flow. 


Equation of continuity: 


The rate of flow of a fluid into a fixed closed surface equals the sum of rate 
of increase in the amount of fluid confined within the closed surface and 
rate of flow of fluid out of the closed surface. 


The above idea suggests that rate of flow for an incompressible fluid into a 
completely filled pipe at one end equals the rate of flow out of the pipe at 
the other end. 


f 6-45 = f ü, ds 
inlet outlet 
Bernoulli’s theorem: 


In steady laminar flow the sum of kinetic energy per unit volume, 
gravitational potential energy per unit volume and pressure of a fluid 
remains unchanged everywhere on a streamline. 


A(z pv’ + pgh+p)=0 
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| Multiple Choice Questions | Choice Questions 


1. Ona horizontal floor, two identical cylindrical vessels A and B connected 
by a thin tube near their bottoms contain some water. When an ice block 


of volume 100 cm? is gently put inside the vessel A, it gets half - A B 
submerged in the water. How much mass of water will flow through the 
connecting tube during the process of melting of the ice cube? 
Density of water is 1000 kg/m? and density of ice is 900 kg/m8. 
(a) 20 g (b) 25g 
(c) 45g (d) 50 g 
2. A sphere of mass m and radius r rests at the bottom of a large reservoir 
of water as shown in figure-I. Depth of the reservoir is h. Density of C) 
material of the sphere is the same as that of water. Now the sphere is | 
slowly pulled completely out of water as shown in figure-II. i 
Which of the following is a correct expression for work done by the agent C) | 
pulling the sphere? Figure-I Figure-II 
(a) mgr (b) 0.5mgr 
(c) mg(r+h) (d) mg(0.5r +h) 
3. A slit is cut along the right bottom edge of a rectangular tank. The slit 
is closed by a wooden wedge of mass m and apex angle ĝas shown in the ] 
figure. The vertical plane surface of the wedge is in contact with the p 
right vertical wall of the tank. Coefficient of static friction between these L 
surfaces in contact is uw. To what maximum height, can water be filled in 
the tank without any leakage through the slit? The width of tank is b 
and density of water is p. 
2m 4m 
a < b ———— 
(a) pb(tand — u) ®© pb(tand@ - u) 
2m 2mcos@ 
(c) : (d) 
pb(sin 6 - ucos8) pb(tand@ - cos) 
4. In the setup shown, two identical vessels A and B filled with water up A 
to same level are connected by a horizontal tube equipped with a valve C 
that is closed. There are identical leak proof pistons in contact with the | 
= B 


water in both the vessels. The centres of the pistons are connected with A 
the help of two taut elastic cords to the ends of a uniform lever arm 
supported on a fulcrum C that is fixed somewhere on the right half of 


the lever arm. The cords are vertical and there is no friction between the 
pistons and the vessels. If the valve is opened, in which direction will 
the water flow through the connecting tube? 


(a) From A to B (b) From Bto A 
(c) Water will not flow (d) Insufficient information 
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Bottom arm of a U-tube of uniform section has length / and the vertical 
arms have length 3l each. The tube is held with its parallel arms vertical 
and filled with a liquid of density p to occupy a total length of 4l of the 
tube and then it is made to accelerate horizontally in the plane of the 
tube with an acceleration g that is modulus of acceleration of free fall. 
What will gauge pressure at the midpoint of the bottom arm be 
immediately after acceleration of the tube is made abruptly zero? 


(a) pgl (b) 2 pgl 
(c) 1.5 pel (d) 1.375 pgl 


An object of volume 0.5 m? and density 500 kg/m? is glued to the flat 
bottom of a vessel containing water. The flat base of the object glued to 
the bottom has an area 100 cm2 and density of water is 1.0 g/cm. If the 
maximum force that the glue can withstand is 2000 N, to what 
maximum height above the base can water be filled in the vessel so that 
the object is not torn apart from the base? 

(a)5m (b) 10m 

(c) Up to any height (d) Insufficient information 


A piece of ice tied with the help of a thread to bottom of a cylindrical 
container having some amount of water. Length of the thread is so 
adjusted that the ice is not fully submerged. Tension force in the thread 
is 1.0 N. How much and in what way will the water level in the container 
shift, when all the ice melts? Area of the bottom of the vessel is 400 cm2, 
density of water is 1.0 g/cm? and density of ice is 0.9 g/cm?. 


(a) 2.5 x 103 m upwards (b) 2.5 x 103 m downwards 
(c) 2.8 x 103 m upwards (d) 2.8 x 103 m downwards 


A ball is suspended with the help of two threads inside an empty 
cylindrical vessel without touching its walls, from two points on the 
walls of the vessel. If the vessel is filled with water up to such a height 
that the ball remains submerged and both the threads become taut, 
tension forces in the threads remain the same as they were in the empty 
vessel. Density of water is 1000 kg/m3. Which of the following is a correct 
statement? 


(a) Density of the ball is 500 kg/m, if threads are of equal length. 

(b) Density of the ball is 500 kg/m, if the threads are of equal length and 
affixed on walls of the vessel at equal heights. 

(c) Density of the ball is 500 kg/m3, if the threads are of equal length and 
affixed on walls of the vessel at equal heights on diametrically 
opposite points. 

(d) Density of the ball is 500 kg/m, irrespective of lengths of the threads 
and location of point of suspension. 


A wooden plank is floating on water in a pool. It is tethered to the bottom 
of the pool by a string attached at mid-point of an edge of its bottom face, 
which causes it to float with a diagonal of one of its vertical cross-section 
coinciding with the level surface of the water, as shown in the figure. 
What is the specific gravity of the wood? 

(a) 1/5 (b) 1/4 

(c) 1/3 (d) 1/2 


10. A semicircular glass tube filled with water containing an air bubble is 


11. 


sealed at its ends. If the tube is held with its plane vertical and made to 
move in its plane with a constant acceleration, the bubble stays aside of 
the highest point as shown in the figure. What can you conclude about 
acceleration vector of the tube? 


(a) It points towards the left. (b) It points towards the right. 
(c) Its magnitude is gtand. (d) Its magnitude is gcoté. 


A cylinder of length 10 cm made of material of density 0.65 g/cm? floats 
half submerged in an ideal liquid kept in closed vessel as shown in the 
figure. Air in the vessel has density 1.30 kg/m3. If pressure of air in the 
vessel in made 100 times of its initial value, what will you observe? 


(a) The cylinder moves upwards. 

(b) The cylinder moves downwards. 

(c) Displacement of the cylinder is 0.56 cm. 
(d) Displacement of the cylinder is 0.60 cm. 


. A wooden cube of mass 2048 g is attached to the bottom of a cylindrical 


vessel with the help of a spring. The vessel is filled with some amount 
of water so that the cube floats half submerged and the spring is relaxed. 
Area of the bottom of the cylinder is 600 cm2, density of water is 1000 
kg/m? and acceleration of free fall is 10 m/s2. Now additional water is 
slowly poured in the vessel until the cube is fully submerged. Which of 
the following statements are correct? 

(a) Length of a side of the cube is 16 cm. 

(6) Amount of additional water is 10.24 L. 

(c) Spring force when the cube is fully submerged is 20.48 N 

(d) Displacement of the cube when it is fully submerged is 12.48 cm. 


Question 13 and 14 are based on the following physical situation 


13. 


14. 


An ideal liquid of density pis filled in a horizontally fixed syringe fitted 
with piston. There is no friction between the piston and the inner 
surface of the syringe. Cross-section area of the syringe is A. An orifice 
is made at one end of the syringe. When the piston is pushed into the 
syringe, the liquid comes out of the orifice and then following a parabolic 
path falls on the ground. 


With what velocity does the liquid come out of the orifice? 


| F 2F 
(a) TĀ (b) ph 
F+2pgha F + pghA 
(c) a (d) ‘| oA. 


With what velocity does the liquid strike the ground? 


F + pghA F +2pghA 
CE | pa 

2F + pghA 2(F + pghA) 
DA CA 
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Build-up your understanding 


A cylindrical vessel is filled with water up to a height hy = 1.0 m and 
then a large number of small iron balls are gently dropped in it until the 
topmost layer of the balls becomes completely submerged in water as 
shown in the figure. Density of iron is p; = 7140 kg/m? and density of 
water is pọ = 1000 kg/m. If average density of the contents is p = 4070 
kg/m3, find the height of the water level in the vessel with the iron balls. 


A plastic sphere of radius r floats almost fully submerged in a liquid as 
shown in the figure. Density of the liquid is p, acceleration of free fall is 
g. Find the force exerted by the liquid on the lower half of the sphere 
excluding contribution of the atmospheric pressure. 


Bottom of a vessel is inclined at an angle and has a hemispherical dent 
of radius r as shown in the figure. If a liquid of density p is filled in the 
vessel to a height h above the highest point of the dent, find a suitable 
expression for magnitude of force of liquid pressure on the dent 
excluding contribution of the atmospheric pressure. 


Walls and base of an open trapezoidal tank each are of mass m. Some of 
the dimensions of the tank are shown in the figure. The tank is placed 
on a frictionless horizontal floor and completely filled with water. At 
some point of time, the front and the back walls are removed. Find 
acceleration of the tank immediately after removal of the walls. Density 
of water is p and acceleration due to gravity is g. 


In a vessel that consists of two vertical portions of unequal sections, 
some water is trapped between two airtight light pistons that can slide 
without friction. The vessel is placed on two fixed supports A and B. The 
upper piston is suspended from the ceiling with the help of a spring of 
force constant k and a hook is attached to the lower piston. Area of the 
upper and the lower sections are Sı and S respectively, distance 
between the pistons is h, density of water is and acceleration due to 
gravity is g. Find change in extension of the spring after a block of mass 
m is suspended from the hook. 


A volume V of water is trapped in a fixed vertical pipe of uniform section 
having a fixed partition C with the help of three pistons P, Q and R that 
can slide without friction. The piston Q and R are connected to the ends 
of a light lever arm AB with the help of two vertical light cords. The 
lever arm has a fixed fulcrum that divides it in two portions of lengths 
lı and la as shown in the figure. If the system is in equilibrium, find the 
height of the water column between the pistons P and R. 


Two vertical cylindrical vessels containing water are connected by a thin 
horizontal tube at their bottom. Water in the vessels is enclosed by 
pistons P and Q of masses m and am that stay in equilibrium in the 


10. 
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same level. A gradually increasing downward force is applied on the 
piston P. When magnitude of this force becomes F, the piston Q moves 
a height h above its initial level. Now the force on the piston P is 
gradually removed and applied on the piston Q. How high will the piston 
P move above its initial equilibrium level when magnitude of the force 
on the piston Q becomes GF? Neglect all dissipative effects. 


In a real hydraulic press, frictional forces between the piston and the 
inner surface of tubes cannot be neglected. In a particular real hydraulic 
press shown in the figure, piston in the wider arm can stay in 
equilibrium above the piston in the narrower arm at any height that 
ranges from Amin = 1.0 cm to hmax = 2.0 cm. Density of material of the 
pistons is 7 = 3 times of that of the fluid used. If thickness of the piston 
in the narrower arm is t = 5.0 cm, find the thickness of the piston in the 
wider arm. 


Two identical vessels each of height 36 cm are filled with water and oil 
each to a height 27 cm. A thin U tube equipped with a valve at its centre 
is filled with water and the valve is closed. The tube is held vertically 
and lowered in the vessels until its open ends reach a depth 18 cm in 
each liquid as shown in the figure. Density of water is 1.0 g/cm? and that 
of the oil is 0.8 g/em?. At what heights will the water and the oil levels 
settle in the vessels after the valve is opened? 


Vertical arms of a special U-tube are connected by a thin transparent 
rubber tube having a piston inside. The tube contains three immiscible 
liquids A, B and C of densities p4, pg and pc (pc > Pa > pp). Initially 
when the piston is held in the middle, lengths of columns of liquid C in 
both the arms are equal, length of column of liquid A in the left arm is 
h, the connecting tube meets liquid A in the middle and in the right arm 
is liquid B. If after release, the piston stops before reaching an end of 
the connecting tube, find by what amounts will the liquid levels in both 
the arms change? 


A specially designed glass tube has a rectangular loop and only one 
opening through a tube extending from centre of a longer arm of 
rectangular loop. It is filled with mercury and held with its plane 
vertical and its opening is dipped in mercury filled in a large vessel. 
There is some air in the middle of upper horizontal arm of the tube. 
When the tube is stationary, ends of the air packet are at distance / from 
the axis of symmetry of the tube. Pressure in the air packet is p and 
density of mercury is p. At what angular velocity must the tube be 
rotated about its vertical axis of symmetry so that pressure in the air 
packet becomes 77 times of its value in stationary tube? 


. In a vessel is a liquid, density of which increases with depth y from its 


surface according to the law p = p, +ky , where po = 1.0 g/cm? and k = 
0.01 g/cm4. Two balls connected with an inextensible thread of length 15 
cm are dropped in the liquid. Volume of each ball is 1.0 cm? and their 
masses are 1.2 g and 1.4 g. At what depth will these balls settle in 
equilibrium? 
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Consider two identical cylindrical vessels, one filled up to a height h = 
1.0 m by a large number of plastic beads and the other filled up to the 
same height by water. Total mass of the beads is m = 500 kg and that of 
the water is M = 1000 kg. If all the water is gradually transferred in the 
first vessel, find height attained by the top layer of the beads. Density 
of the plastic is p = 800 kg/m? and that of water is pọ = 1000 kg/m. 


At every metre on a very thin rod, small air-filled balloons are attached 
except at the top end. Length of the rod is integral multiple of a metre 
and mass of every metre of the rod including balloons is 2.7 kg. The rod 
is lowered vertically into water. Volume of a balloon in air is 0.003 m8 
and it reduces by 100 cm? for every 10 kPa increase in pressure. How 
much maximum length of such a rod can float in water with its upper 
end in level with the water surface? Density of water is 1000 kg/m. 


A uniform rod of length l is lying on horizontal bottom of an empty 
container and one end of the rod is hinged there. The container is now 
slowly filled with water. Draw a graph to show how length l; of rod 
immersed in water varies with height h of the water level in the conta- 
iner. Density of material of the rod is p and that of water is pw > p. 


One-half of a rod of length J = 100 cm has density pı = 0.50 g/cm? and 
the other half has density p2 = 2.50 g/cm. The rod is placed on horizontal 
bottom of a large tub and then water is gradually poured in the tub. Find 
the depth of water in the tub, when the rod makes angle 0 = 53° with 
the horizontal. Density of water is p = 1.00 g/cm?. 


A wooden cylinder of cross-section area S is connected with the bottom 
of a vessel by a spring of stiffness k = 10 N/m. When some water is filled 
in the vessel, the cylinder floats partially submerged and extension in 
the spring becomes xo. Density of water is pw and acceleration of free 
fall is g. If the vessel is given an upwards acceleration a, by what amount 
will the length of the submerged portion of the cylinder change? 


An iron cube of side l suspended from a spring of stiffness k touches 
water level in a vessel as shown in the figure. If more water is added in 
the vessel at such a rate that water level in the vessel rises with a 
constant speed u, how will speed of the iron cube vary with time t? The 
density of water is pw and acceleration of free fall is g. 


Two objects of equal volume V= 1.0 mê and densities pı = 400 kg/m? and 
p2 = 600 kg/m? have identical flat portions of area S = 100 cm? on their 
surfaces. These flat portions are glued to each other. The composite body 
thus formed, floats fully submerged in a liquid with the common flat 
portion horizontal as shown in the figure. If the glue can withstand a 
maximum force F = 500 N, at what minimum depth A in the liquid can 
the common flat portion be in equilibrium keeping the objects intact? 
Acceleration of free fall is g 


A tube made of very thin glass sheet has mass m, length l and cross 
section area S. Its lower end is closed. Up to what height h should water 
be filled in the tube so that it can float vertically in water? Density of 
water is po. 
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Two steel loads A of mass ma = 0.68 kg and B of unknown mass are 
suspended from an ideal fixed pulley with the help of a light inextensible 
cord. An unknown amount of ice C is affixed on the bottom of the load B 
and the setup is in equilibrium with the load A in air and half volume of 
the load B submerged in water of a large tank as shown in the figure. 
When all the ice melts, the setup still remains in equilibrium but the 
load B is now completely submerged in water. Find mass of the load B 
as well as initial mass of the ice C. Density of water is pw = 1000 kg/m8, 
density of ice is p; = 900 kg/m? and density of steel is p, = 7800 kg/m. 


A glass sphere of volume V is placed in a vessel filled with water. A side 
wall of the vessel is inclined at an angle 8 with horizontal bottom of the 
vessel. The container is moving with uniform leftward acceleration a. 
Find force of normal reaction between the bottom of the vessel and the 
glass sphere. Density of water is py, density of the glass is p and 
acceleration of free fall is g. 


A closed tube of length l completely filled with water has a small air 
bubble trapped in it. When the tube is held at an angle 0 with the 
vertical and rotated at a constant angular velocity @ about the vertical 
axis through its lower end, the bubble settles at some intermediate 
position in the tube. What fraction y of length of the tube is the distance 
of the bubble from the lower end? Acceleration due to gravity is g. 


. Two balls A and B made of materials of densities pa = 7140 kg/m8, and 


ps = 1740 kg/m? are affixed at the ends of a rod of length l = 40 cm. A 
thread is tied at the middle of the rod. When holding the thread the balls 
are lowered in water, both the balls get fully submerged and the rod 
remains horizontal. When the thread is pulled upwards and both the 
balls come out of water, the rod does not stay horizontal. By what 
distance should the ball B be shifted on the rod to make the rod 
horizontal when both the balls are in air? Density of water is po. 


. A uniform sphere of mass m and another uniform hemisphere of the 


same material and radius r are placed in a vessel. In the vessel water is 
filled up to height r = 30.0 cm as shown. There is no water or air under 
the hemisphere. The sphere and the hemisphere both are connected 
with vertical threads to the ends of a light rod AB of length l = 116 cm 
having a hinge O. Find the distance of the hinge from the end A so that 
when an upward minimum pull is applied at the hinge, the sphere and 
the hemisphere both will simultaneously leave the bottom of the vessel. 
Density of the material of the sphere is p = 5.0 g/cm? and that of water 
is po = 1.0 g/cm?. 


A uniform cylinder made of a material of density p = 250 kg/m? is held 
at rest in a pool so that its upper circular surface is in level with the 
water surface. Length of the cylinder is / = 20 cm and radius is r = 3.0 
cm. When released, the cylinder jumps out of water moving vertically. 
Find velocity with which the cylinder leaves the water surface. Density 
of water is pọ = 1000 kg/m? and acceleration due to gravity is g = 10 m/s?. 
Neglect all dissipative effects. 
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A homogeneous beam of length l and square section of side length a is 
held horizontally so that one of its long faces touches water in a large 
reservoir. Density of material of the beam pis equal to density of water. 
The beam is released. Find the amount of heat developed until all the 
perturbations cease. Acceleration of free fall is g. 


. A cylindrical tube is fitted coaxially at one of its ends into a hole made 


at the centre of a large disc. The structure is held firmly at a height h 
above a horizontal floor, keeping plane of the disc horizontal. When an 
incompressible non-viscous fluid of density p is fed at a constant rate u 
(kg/s) into the tube completely filling the tube, the fluid spreads evenly 
in all directions in the gap between the disc and the floor. Find radius r 
of the fluid spreading in the gap as a function of time t. 


One end of a long cylindrical tube is fitted coaxially into a hole made at 
the centre of a thin disc of radius r. The structure is held firmly under 
another horizontally fixed disc of the same radius. Gap between the 
discs is h. Water fed into the tube comes out evenly everywhere from the 
opening between the discs and spreads in a dome-like shape. If water is 
fed into the tube at a rate u (kg/s), find the radius of the dome at a depth 
H below the opening between the discs. Neglect capillary effects and the 
distance h between the discs as compared to the depth H. Acceleration 
of free fall is g. 


. A horizontal cylindrical pipe consists of two coaxial sections, the section 


to the left has radius rı and that to the right has radius rg. Inside the 
pipe, there is a piston in each section trapping an incompressible fluid 
of density p filled in the complete space between them. Constant 
pressures pı and p (pı > p2) are maintained outside the pistons in the 
sections to the left and to the right respectively. When both the pistons 
acquire constant speeds towards the right, find their speeds. 


A spherical air bubble of radius 0.6 mm made under water moves up 
with a velocity 0.5 cm/s. Another spherical air bubble of double radius 
moves up in water four times faster than the smaller bubble. A metal 
ball of radius 1.0 mm and density 5.0 g/cm? when released in water sinks 
down with a velocity 8.0 cm/s. Knowing that the force of water resistance 
on a spherical body is proportional to the product r*v’, where a and 8 
are real numbers, r is radius of the body and v is its speed, find the 
constant velocity with which another plastic ball of density (2/3) g/cm? 
and radius 3.0 mm will move in water. Density of water is 1.0 g/cm? and 
density of the air in the bubbles is negligible as compared to the density 
of water. Acceleration of free fall is g = 10 m/s?. 


.A pump circulates water at a time rate go through a straight pipe of 


length l. Now a ring-shape section of mean radius r is connected in the 
middle of the pipe. Inner section of the ring is equal to that of the pipe 
as shown in the figure. If the same pump is connected to this new pipe, 
how much time rate q of water flow will the pump maintain? Assume 
that the pressure difference at the ends of the tube remains unchanged. 
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1. A rubber tube AB is connected to a glass tube BC. The glass tube 
consists of n = 5 identical inverted U-sections. Diameter of the tubes are 
negligible as compared to height h = 10 cm of these sections. 


| |. 


Now water is poured very slowly through a funnel into the rubber tube 
at its open end A. What should be the minimum height H of the end A, 
so that water starts flowing out of the end C of the glass tube? Neglect 
capillary action and viscosity. 


Kt 


2. Some amount of water is trapped between two pistons, which can slide 
without friction in the vertical arms A and B of an S-shape tube. Area 
of horizontal cross-section of the arm B is 7 = 5 times of the area S4 = 
100 cm? of the arm A. The piston in the arm B is supported on a spring lies E 
of force constant k = 1000 N/m. In equilibrium, length of tube below the k 
piston in arm B is / = 20 cm. What maximum additional mass can be 
gently placed on the piston in the arm A so that piston in arm B will 
remain inside the tube? Density of water is p = 1000 kg/m? and 
acceleration due to gravity is g = 10 m/s2. 


~ 


3. Two cylindrical vessels A and B containing oil of density p = 0.5 g/cm? 
are connected by a thin tube at their bottom and are placed on a 
horizontal floor. Horizontal cross-sectional area of vessel Ais 7 = 4 times 
of that S = 10 cm2? of the vessel B. A light piston fitted in the vessel B is 
connected at one end of a light inextensible cord and the other end of the 
cord is attached to the ceiling. The cord passes under a moveable light 
pulley and then over a fixed pulley. An empty box is attached with the 
movable pulley and the system is in equilibrium as shown in the figure. 
Now a mass Am = 100 g of sand is gradually added in the box and 
simultaneously an equal mass Am of the oil in the vessel A maintaining 
the system almost in equilibrium. Find the distance that the box will 
move. There is no friction anywhere. 


4. Vertical arms of a special U-tube are connected by a thin glass tube 
equipped with a valve. Initially the valve is closed and the tube contains 
three immiscible liquids A, B and C of densities p4, pg and pc (pc > Pa > 
pp). Lengths of columns of liquid C in both the arms are equal, length of 
column of liquid A is A in the left arm, the connecting tube meets liquid 
A in the middle and in the right arm is liquid B. After the valve is 
opened, by what amount does liquid levels in both the arms change? 
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Two cylindrical vessels A and B connected by a thin tube at their bottom 
containing a liquid of density p = 2.5 g/cm? are placed on a horizontal 
floor. Horizontal cross-sectional area of vessel B is S = 1.0 m2. A light 
piston that can slide without friction in the vessel A is connected at one 
end of a light spring, the other end of which is attached to a movable 
support. If the movable support is shifted downwards, the piston shifts 
down a distance that is a = 0.5 times of shift in the movable support and 
water level in vessel B moves up a distance that is b = 0.1 times of shift 
in the movable support. 


(a) Find the force constant of the spring. 

(b) If a volume V= 120 L of water is added to the vessel B maintaining 
the movable support stationary, by what distance will the water level 
rise in the vessel A? 


Two identical cylindrical vessels A and B of horizontal section area 0.5 
m2 each are interconnected at their bottom with a thin tube. The vessels 
A is filled with an ice block of height lọ = 100 cm in which is embedded 
a relaxed spring of stiffness 2.5 kN/m. One end of the spring is connected 
to a light piston covering the ice and the other end to the bottom of the 
vessel. Water at room temperature is filled in the vessel B up to a height 
ho = 70 cm. Suppose the ice melts in horizontal layers reducing 
thickness of the ice block uniformly and the ice-piston block slides inside 
the vessel A without friction. Find height of water level in the vessel B 
when thickness of the ice block becomes 0.5 times of its initial thickness. 
Density of ice is 900 kg/m? and that of water is 1000 kg/m. 


A cylinder of radius r = 10.0 cm and length l = 33.0 cm has a thin tube 
connected at its middle. In the right side of the cylinder is a piston 
connected to the circular wall with the help of a spring of force constant 
k = 4007 N/m and relaxed length lo = 15.0 cm. The piston is airtight and 
can slide inside the cylinder without friction. There is an orifice in the 
right circular wall of the cylinder. A fulcrum supports the cylinder 
exactly at its middle as shown in the figure. When mass of water in 
cylinder equals the mass of the piston, the cylinder stays horizontal. 
What length h of the tube is filled with water? Acceleration due to 
gravity is g = 10 m/s2. 


A cylindrical vessel of radius r and height h is affixed coaxially at one 
end of a rod of length l, the other end of which is pivoted to a fixed 
support so that it can rotate in a vertical plane. The vessel is half filled 
with water and its dimensions are much smaller than the length of the 
rod. With what minimum constant angular velocity @ must the rod be 
rotated so that water does not spill out of the vessel anywhere in its 
circular path? Acceleration due to gravity is g = 10 m/s?. 


A thin empty glass bottle floats in a cylindrical vessel containing some 
amount of water as shown in the figure. Area of the bottom of the vessel 
is S= 250 cm2. When m = 300 g of water is added in the bottle, the bottle 
begins to sink and when all the air comes out of the bottle, water level 
in the vessel changes by Ah = 0.6 cm from its initial level. Calculate 
volume of the bottle. Density of water p= 1.0 g/cm. 


10. 


11. 


12. 


13. 


14. 


A long cylindrical vessel of radius R = 10 cm placed on a horizontal table 
is filled with water up to a height h = 8 cm. A disc of radius r = 5 cm, 
thickness t = 1 cm and made of material of density p = 0.8 g/em? when 
put on the water it floats. When another identical disc is coaxially placed 
on it the former shifts further down and now both of them float. If we 
keep on putting more identical discs in this manner one above the other, 
eventually the lowest disc will touch the bottom of the vessel. How much 
minimum number of these discs is needed so that the lowest disc touches 
the bottom of the vessel? Density of water is pọ = 1.0 g/cm?. 


A U shape vessel shown consists of two cylindrical vertical arms A and 
B of cross-sectional area Sa = 300 cm2 and Sg = 500 cm?. A very light 
piston can slide without friction in the arm A and confines water below 
it. A thin light thread attached to the piston at one of its ends, passes 
under two ideal pulleys fixed at the bottom of the vessel and then 
attached at the other end to the bottom of a very light cube C of side l = 
10 cm. Initially, when a block of mass m is placed on the piston, the cube 
floats with negligible portion inside the water and the thread is not 
slack. How high will the piston move, if the block is gradually lifted off 
the piston? Density of water is pọ = 1000 kg/m8. 


A cylindrical vessel has a narrow horizontal tube of cross-section area S 
at its bottom. A wooden cylinder of cross-section area S, is suspended 
inside the vessel with the help of a spring of force constant k. When the 
vessel is empty, the base of the wooden cylinder is at a height h. above 
the base of the vessel. Now some amount of water is added in the vessel 
so that the cylinder gets partially submerged and piston in the bottom 
tube is held with a horizontal force F. How much length of the cylinder 
is submerged in water? Density of water is pw and acceleration of free 
fall is g. 


A uniform wooden rod of mass m and length / floating in calm water of 
a tank is being slowly pulled out of water with the help of a light cord 
attached to one end of the rod. The cord is always kept vertical. Water 
is so deep that the rod never touches the bottom of the tank. Relative 
density of the wood is y= 3/4. Deduce expression for tensile force T in 
the cord as a function of height h of the end of rod being pulled above 
the water level. Acceleration of free fall is g. 


In the setup shown four ice blocks A, B, C and D of masses 9m, 6m, 3m 
and m suspended from the ceiling with the help of a system of ideal 
pulleys and ideal threads stay in equilibrium. The blocks A, B and C are 
partially immersed in water maintained at 0 °C in a vessel placed on a 
floor and the block D is hanging in air. An amount of heat is supplied to 
the ice block D. When Am = 2.5 kg of ice of the block D melts, water level 
in the vessel changes by an amount Ah, = 1.0 cm and when complete ice 
of the block D melts water level in the vessel further changes by an 
amount Ah», = 2.0 cm. Density of ice is p; = 900 kg/m? and density of 
water is pw = 1000 kg/m?. Find area of the bottom of the vessel and the 
initial tension force supporting the ice block B. Acceleration due to 
gravity is g. 
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16. 


17. 


18. 


19. 


A cylindrical tank of horizontal sectional area S = 25 cm? has a hole in 
its bottom. The hole is closed by thin metal plate A of area S, = 5.0 cm2 
connected with a thin rod of length l = 10 cm to a cylindrical float B of 
horizontal section area Sz = 10 cm2. This plate-rod-float assembly works 
as a special valve. Now a tap is opened and water starts entering the 
vessel at a constant rate r = 10 cc/s. When water level in the vessel 
reaches a particular height, the assembly lifts opening the hole through 
which water drains out at a rate 7 = 1.5 times of r. This operation 
repeats repeatedly. Assuming mass of the assembly to be m = 100 g and 
density of water to be po = 1.0 g/cm?, find time interval between a closing 
and a subsequent opening of the hole. Neglect force created by water 
flow and atmospheric pressure. 


An open cuboidal tank of height H = 25 cm has rectangular bottom of 
sides a = 60 cm and b = 30 cm. When it floats in water with the open top 
upside, a height h = 5.0 cm remains out of water. A hole of area S = 3.0 
cm2 is made in the bottom. If water coming into the tank from the hole 
is not taken out, in how much time t will the tank sink? Acceleration of 
free fall is g. 


A small stone is suspended by a light inextensible cord from a helium- 
filled balloon of radius r and mass m. When this balloon is released in a 
hall, it moves up and encounters the ceiling inclined at an angle @. 
Friction between the balloon and the ceiling is sufficient to prevent 
slipping. Find range of values of mass mọ of the stone so that the balloon 
stays standstill touching the ceiling. Density of air is po. 


A cylindrical vessel of radius R is filled with an ideal liquid of density p 
up to height h above its flat bottom. It is now set into rotation about its 
vertical axis with constant angular velocity œ. When a steady state is 
achieved, the liquid does not overflow and no portion of the bottom is 
dry. Now at the centre of the bottom a small orifice of radius r is made. 
How much liquid can flow out of the vessel? 


A vessel is placed on the pan of a balance and another identical vessel 
supported on a stand is arranged above the former vessel. The stand is 
also placed on the pan. Both the vessels are partially filled with water. 
A pump attached to one leg of the stand can transfer water from any one 
of the vessel to the other. Total weight of the contents on the pan is W. 
The base area of the vessels is S and the pump can transfer water at a 
constant rate of u (kg/s). How much will the reading of the weighing 
machine become if the pump begins to transfer water from the lower 
vessel to the upper one? What will your answer be if the pump transfers 
water from the upper vessel to the lower one? Density of water is p. 


. A small air bubble is in the middle of a long cylindrical tube filled with 


glycerine. If the tube is held at rest vertically, the bubble moves upward 
with a constant velocity vp and if the tube is held horizontally, the 
bubble moves up and stops touching the top of inner curved surface as 
shown in the figure. When the horizontal tube is given a constant 
velocity v along its axis, by what amount will the bubble shift relative 
to the tube? Acceleration of free fall is g. 
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1. A rectangular hole of dimensions a x b is cut in horizontal bottom of 
large vessel. To close the hole, a cuboidal block of dimensions b x c x cis 
put on it in such a way that the square faces and a diagonal plane 
remain vertical as shown in the figure. Now a liquid of density p is 
slowly poured in the vessel. What should the mass m of the block be so 
that the hole always remains closed irrespective of the level of liquid in 
the vessel? 


2. To make a candle float stably in water in vertical orientation an 
aluminium cylinder of radius equal to that of the candle is glued at 


bottom of the candle. Length of this cylinder is 1.0 cm and densities of 


wax, aluminium and water are 0.8 g/cm?, 2.7 g/cm? and 1.0 g/cm. 

(a) Find the maximum and the minimum length / of the candle so that 
it can float in water stably in vertical orientation. Radius of the 
candle is small enough to ignore horizontal shifting of the point of 


KR} o 


application of the buoyant force. 

(6) When the candle is lit, it consumes wax. If consumption of wax 
reduces length of the candle at a constant rate of 1.0 mm/min and 
initial length of the candle is 12.0 cm, how long can the candle be 
used for lighting always floating vertically. 


ANSWERS 


LMS) 


AND HINTS | Multiple Choice Questions | 


1. (a) 5. (a) 9. (c) 13. (b) 
2. (a) 6. (a) 10. (b) and (c) 14. (d) 
3. (a) 7. (b) 11. (a) and (c) 

4. (a) 8. (d) 12. (a), (b), (c) and (d) 


| Build-up your understanding | your understanding 


Pi — Po 2 
1. h| 4—* |=2.0 m 3 
(24) 3. Ea +{arpg(h+r)} 
2. arpg T 


Force of the liquid on the lower hemi- 
sphere balances the weight of the sphere and 
the weight of water above the sphere. 


3 2 
=) Co {nr?pg(h+r)}cos J 


Suppose a portion of water identical to the 
dent in another identical vessel without the 


7.16 


10. 


Chapter-7 


dent. This portion of water is in equilibrium 
under the action of three forces that are the 
weight of the portion, normal reaction on its 
bottom and force of water pressure on its 
hemispherical surface. 

Alternatively, you may write expression of the 
force vector of water pressure on an infinitesi- 
mal portion of the dent and then sum up all 
these force vectors to find the net resultant. This 
idea is too complex to use. 


pgh” (L, — L) 
6m 


ph 
Since the vessels are connected at their 
bottom, therefore change in pressures at their 
bottoms between two equilibrium states must 
be equal. 
Poin + Pimax + Pos = 4.5 cm 

27 
For maximum level difference in pistons, 
friction force in the narrower arm must be 
downwards and in the wider arm upwards. For 
minimum level difference in pistons, directions 
of frictions must get reversed. 


t= 


25 cm and 29 cm 


In the left arm top level rises and in the right 
arm it dips by the same amount say x and the 
level of liquid C dips in the left arm and rises 
in the right arm by an amount say y. 


(Ps -Ps)h (Pa -Pr)h 
2(Pa + Pa) 2(2¢ -Pa — Pr) 


Initially pressure at the ends of the rubber 
tube in liquid B is higher than that in liquid A. 
Therefore, the piston will shift towards the left 
when released. Due to this, liquid A in the tube 
flows towards left increasing its amount in the 
left vertical arm. This shifting increases 
pressure at the surface of liquid C there, so level 


11. 


12. 


13. 


of liquid C falls in the left vertical arm and shifts 
up in the right vertical arm by the same 
amount. This shifting makes pressures at both 
the ends of the connecting tube equal. 


Now the pressure at the opening of the 
connecting tube in left vertical arm has been 
increased from its initial value and pressure at 
opening in the right vertical arm has been 
decreased from its initial value. Therefore top 
level of liquid A must have shifted up and the 
top level of liquid B must have shifted down. 


Incompressibility and immiscibility of the 
liquids suggests that their total volume remains 
unchanged; therefore, the top level of liquid A 
must shift up in the left vertical arm by the 
same amount as the top level of liquid B shifts 
down in the right vertical arm. 


n [2(n-1)p 


l p 


22.5 cm and 37.5 cm 


2i- 2)-1 m 

M D 

In the final state, you will find three 
distinct regions. The lowest region is filled only 
with water; the middle region filled with a 
portion of the stack of beads with water filling 
space between them and the topmost region 
filled only with the beads. The stack of beads 
remaining intact shifts upwards due to buoyant 
forces. 


Only Beads 


Beads and Water 


Only Water 


The beads do not absorb water; therefore, total 
volume occupied by water will not change. 


Weight of water of volume equal to volume of 
beads in the middle region is the buoyant force, 
which must be equal to the weight of stack of 
beads. 
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P= Pry 


5m 


Pressure change of 10 kPa corresponds to 
1.0 m height of water column. 


>v 


lsinð [3A +p EETA 
2 P 

Since average density of the rod is higher 
than that of water, the end of the rod on the 
higher density portion will always remain in 
contact with the bottom of the tub and the rod 
will stay inclined under the action of three 
forces that are the weight of the rod, buoyant 
force and the normal reaction from the bottom 
of the tub. 


Decreases by i 
g(k+p,S(g+a)) 
2 2 
k+p,gl’ u k 
2 
0; Ta <t 
u k 

(p - p,)Vg-2F =10 

(o +p,)gS 


Tube must float partially immersed and 
mass centre of the tube and water inside the 
tube must be below the mass centre of the water 
displaced. 


PMs 0.78 kg and 


=0.45 kg 


(p-p,)V (g + acoté) 
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Net force on the bubble by water can be 
conceived as if it has two components, one of 
them is the usual buoyant force in the vertically 
upward direction and the other one acting 
radially inwards due to radial pressure gradient 
created by rotating water. 


p 


Work done by the force of water on the 
cylinder is utilized in increasing gravitational 
potential energy as well as kinetic energy of the 
cylinder. 


pgla” 
2 

Since volume of the beam is negligible as 
compared to the volume of water in the reserv- 
oir, the water displaced by the beam spreads in 
an infinitely thin layer over the original water 
surface without any appreciable change in 
water level. 


28. r= was 
zph 
29. r+ H 2u 
2arph\ g 
po, PETE) ma HE 
p(ré ri) p(n rf) 
31. 6.0 cm/s 


32. 


7 2l 
aN 2l-4r+ar 


Flow rate of water is proportional to the 
pressure difference between two points and 
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inversely proportional to the flow resistance 
between the two points. 


Flow resistance in a pipe is proportional to 
length of the pipe and inversely proportional to 


cross-sectional area of the pipe assuming 
uniform velocity profile over a cross-section 
perpendicular to the flow. 


| Check your understanding | your understanding 


1. 


H=nh=50cm 

Each time water rises up to top right 
corner of a section, it falls quickly down creating 
an air packet behind due to very small rate of 
water supply. In this way, situation shown in 
the first figure is obtained after some time. 


T 


—3 
h 


B C 4 


Now additional quantity of water supplied will 
force water in each section of the tube to reach 
top right corners as shown in the next figure. 
Now any additional supply of water will cause 
the water in the last section to fall and come out 
of the tube. 


UUU: 


The pressure at the bottom end B created by the 
water column in the rubber tube must be equal 
to total pressure created by water columns in 
each section up to the end C. 


kl 
-1)IS, += =12 kg 
p(n-1)iS, 


(7+2) Sm 6% cm 


4(7+1) pS 

The pistons shift upwards due to two 
factors, one is the increase in tension force in the 
cord and the other is addition of extra oil. 
Difference in oil levels in both the arms depends 


only on the load in the box; therefore, addition 
of oil will only cause oil level in both the arms to 
rise by the same amount. The net shift in level 
of piston is sum of individual contributions of 
the above two factors. The shift in position of the 
box is half of the shift in position of the piston. 


In left arm top-level rises and in right dips by 
amount x and level of liquid C dips in left arm 
and rises in the right arm by amount y. 


o- oP) Pa- Pa )h , (Pa — Px) 

203 (25 — Pa - Px) 2(2p5 -Pa — Pp) 
Initially pressure at opening of the 
connecting tube in liquid B is higher than that 
in liquid A. Therefore, when the valve is opened, 
the liquid B pushes the liquid A towards the left 
and at the same time due to lesser density rises 
above liquid A in the left vertical arm as shown 
in the first figure and finally when flow through 
the connecting tube ceases some amount of 
liquid B settles above the liquid A as shown in 
the second figure. 


The extra amount of liquid B in the left vertical 
arm increases pressure at the surface of liquid 
C so level of liquid C shifts down in the left 
vertical arm and shifts up in the right vertical 
arm by the same amount. This shifting makes 
pressures at both the ends of the connecting 
tube equal. 


Incompressibility and immiscibility of the 
liquids suggest that the total volume remains 
unchanged; therefore, the top level must shift 
up in the left vertical arm by the same amount 


as the top level shifts down in the right vertical 
arm. In this process, amount of liquid A in the 
left vertical arm remains almost unchanged due 
to negligible volume of the connecting tube. 


(a) pe®S( +8) = 6.0 kN/m 
a \ l-a 


In equilibrium, the unbalanced force on 
the top levels of the liquids in the two vertical 
arms must be balanced by the weight of liquid 
column between the top levels of the liquid in 
the arms. 


aV (l-a) 
() S(a+b) 


Any change in the unbalanced force must 
create corresponding change in the length of the 
liquid column between the top levels of the 
liquid in both the arms. 


=1.0 cm 


75 cm 


In the final state, weight of the remaining 
ice and force of the extended spring in water is 
balanced by the weight of the water column 
equal to height difference of water level in both 
the vessels. In addition, take care of that the 
force constant of the extended portion of the 
spring is not the same as that of the whole 
spring. 

While accounting for height difference of water 
level in both the vessels, you must consider 
addition of water due to melting of ice by using 
mass conservation. 


k(3l, -1l 
Ton eee cm 
3pgar 
is gvh? + 4r? 
hl 


Water level in the vessel must tilt as the 
vessel moves on its circular path and if water 
does not spill out of the vessel, the water level 
must rotate through 180° during motion of the 
vessel from bottom position to the top position. 


When water is about to spill out, the vessel must 
be tilted and due to a component of gravity along 
the surface, water layer making the surface 
starts to accelerate relative to the vessel 
towards the lowest point of the brim. Therefore, 
to stop water from spilling out, there must be a 
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force to balance this effect of gravity. In the 
reference frame of the vessel, this force is the 
centrifugal force due to the circular motion and 
in the worst case when the vessel is tilted as 
shown in the figure, a component of the 
centrifugal force on an infinitesimal portion of 
water in the layer making the surface must 
balance force of gravity. In this state, the 
horizontal component of the centrifugal force is 
balanced by force of water on the infinitesimal 
portion under consideration. 


2m 


£ + SAh =750 mL; If Ah 4 
|p 
2M Gy = Ase nits. Te Rt 
p 
PPh 
pt(R? -r°) 


If the above expression yields an integer, the 
required number is that integer and if it 
yields a fraction, the required number is the 
integer part plus one. 


Here the required number is 14. 
m(S, — l) 
p{S, (S, +S, -2P ) +P (S; -S,)} 


=6cm 


Since the cube is very light, the tension 
force in the thread will always be equal to the 
buoyant force on the cube. 


In the initial state, when there is a weight on 
the piston, negligible portion of the cube is 
inside the water, therefore the buoyant force on 
the cube and the tension force in the thread both 
are almost zero. Thus, pressure of the weight on 
the pistons equals the pressure of water column 
in arm B above the level of piston. 


When the weight on the piston is slowly lifted 
off, the piston shifts upward pulling the cube 
downwards by the same amount with the help 
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of the thread. Now considering volume of water 
unchanged you can find relations between shift 
of water level in the arm B, length of submerged 
portion of the cube, shift in the piston and the 
initial difference between level of the piston and 
water level in the arm B. Now equate pressures 
under the piston and at a point in the arm B in 
level with the piston. 


k(F - p,gh,8) 


h= 

P, 8S (k+ p88, ) 

me = japzt 

Y 2 

T= 

melt-21-4 |; Lenzi 

y l 2 
mg; hel 


After analyzing equilibrium conditions, 
you will find that before the rod becomes 
vertical, the length of portion of the rod 
submerged in water is independent of tilt of the 
rod. It suggests that while the rod is changing 
its orientation, it rotates gradually about a 
horizontal axis that passes through a fixed point 
on the rod and coincides with the water level. 


A 
BO 2.0 m° and 2Amg| 1+ h 
pAh, Ah, 


]=150N 


S,(S-S,) 


worl ste 2) =90s 


The valve opens when such a portion of the 
float is in water at which resultant of the 
buoyant force of water on the float and force of 
water pressure on the metal plate just exceeds 
the weight of the assembly. The valve closes 
when such a portion of the float is in water at 
which the weight of the assembly exceeds the 
buoyant force of water on the float. 


abh 


S./2¢(H —h) 
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Before brim of the tank is above the level 
of outside water, the height difference between 
the inside and outside water levels remains 
unchanged maintaining constant pressure 
difference between the hole and inside water 
level, therefore water enters the hole at 
constant velocity. Water entering from the hole 
spreads in the tank, thus water level in the tank 
rises at very small velocity causing the tank to 
shift downwards at a negligible velocity. 


(4zr*p—3m)sin@ Sa (4zr*p-3m) 
3(1+sin0) = * 3 


The balloon rises up because of the 
buoyant force and when it touches the ceiling, 
the stone is vertically below its centre, 
thereafter, the balloon rolls up slightly along the 
ceiling due to static friction and finally settles in 
a stable stationary state with the stone shifted 
towards the left of the vertical line through the 
centre of the balloon. 


x aR?h Bap = r‘) 
4g 


Rotation of water at a constant angular 
velocity makes the water surface paraboloidal in 
shape and as the water drains out from the 
orifice the water surface shifts downwards 
maintaining its shape intact until it approaches 
the orifice. 


Independent of whether the water is pumped up 
or down, reading of the weighing machine is 


2u’ 
pS 


Whether water is pumped up or pumped 
down, the mass centre of the system consisting 
of the stand, the pump, the vessels and the total 
water in both the vessels moves with an upward 
acceleration. 


W + 
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Challenge your understanding 


ay 2. (a) 8.5 cm < l< 18.54 cm 
1 m>p ae-5) To float, the depth of immersion cannot 
. ; i exceed the total length of the candle-cylinder 
The buoyant force of water achieves its structure and to float stably in vertical 
MAXIMIN value in condition shown in the orientation the force centre of the buoyancy 
figure. must be vertically above the mass centre of the 


of the candle-cylinder structure. 
(b) 35 min 
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Concept of heat and temperature, calorimetry, 
latent heat, heat transfer: conduction, 
convection and radiation, Newton's law of 
cooling, kinetic theory of ideal gases and gas 


laws, internal energy of a gas, work done by 
gases, thermodynamic processes, specific 
heats of gases, the zeroth and the first law of 
thermodynamics and their applications. 


BACK TO BASICS 


Heat: 
Heat is energy in transit due to temperature difference. 


Conduction, convection and radiation are modes of heat transfer between 
two material bodies. 


Internal energy: 


Internal energy of a system is total kinetic energy of random motion of all 
the material particles within the system and total potential energy due 
mutual interaction forces between the particles. 


Thermal energy: 


Thermal energy of a system is the part of its internal energy that results 
from random motion of all the material particles within the system and is 
associated with the temperature of the system. 


Calorimetry 


Calorimetry is the science of measuring the heat of chemical reactions or 
physical changes in accordance with the principle of conservation of energy. 


“The important thing in 
science is not so much to 
obtain new facts as to dis- 
cover new ways of thinking 
about them.” 


Sir William Henry Bragg 
(July 2, 1831 — March 12, 1942) 
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Heat given to a material body is utilized either in increasing temperature 
and doing some mechanical action or in state change and doing some 
mechanical action. 


Here the mechanical action is associated with thermal expansion and is 
almost negligible for solids and liquids but happens in appreciable amount 
for gases. 


For liquids and solids: dQ@=msd6 (For temperature change) 
or 
dQ=dmL (For state change) 


In the above equations, m is mass, s is specific heat capacity, dO is change 
in temperature and L is specific latent heat. 


Heat Transfer 


Conduction: 


Conduction is flow of heat through an unequally heated body from places of 
higher to places of lower temperature. 


Steady state heat conduction in one dimension: 


Heat current H i.e. time rate of flow of amount of heat across a layer 
of area S and infinitesimal thickness dx with a temperature difference 


dð between its faces is given by the following equation. 
gaga 
dt dx 


Here k is specific thermal conductance or conductivity of the material 
of the layer and the minus sign (-) indicates that heat flows in the 
direction of temperature decrease. 


Convection: 


In convection, hot fluid carrying heat, flows by itself or is made to flow. 


Radiation: 
Radiation is propagation of heat in the form of electromagnetic waves. 


Stefan-Boltzmann law: 


Radiant energy P emitted per unit time per unit surface area of a body 
at absolute temperature Tis given by the following equation. 


P = ceT* 

Here ois the Stefan’s constant and e is emissivity of the surface. 
o = 5.67 x10° J/(s‘m2-K4) 
O<e<l 


Prevost’s theory of heat exchange: 


A body is simultaneously emitting radiations to its surroundings and 
absorbing them from the surroundings. Therefore, net radiant energy 
emitted per unit time per unit surface area of a body at absolute 


temperature T kept in a surrounding of temperature Tọ is given by 
the following equation. 


Pa =oe(T* -T*) 


net 


Wien’s displacement law: 
Product of wavelength Am of the most intense radiation emitted by a 
black body and the absolute temperature T of the black body is a 
constant. 

Af =b 


b = 2.897 x 10° mK 


Kinetic Theory of Gases 


A gas is modelled as an ensemble of randomly moving tiny particles that 
are either molecules or atoms. These particles are in incessant random 
motion continuously colliding with each other and with the walls of 
container if confined in a container. These collisions are almost perfectly 
elastic and interaction between the particles is extremely weak except when 
they are colliding, thus between two collisions the particles move almost 
freely in straight lines. In this continuous process of random motion, the 
particles spend negligible time during collisions as compared to the time 
spend in free motion. 


Ideal gas model: 


It is a mathematical model in which the particles are assumed point masses, 
the collisions are assumed perfectly elastic and the particles move 
absolutely freely between any two collisions. 


Kinetic interpretation of pressure: 
Pressure of a gas arises due to collisions between the particles constituting 
the gas and walls of the container. 
Pressure p of an ideal gas is given by the following expression. 

Nm , 
= Uims 

8V 
Here N is the total number of particles each of mass m in a container of 
volume V and V,ms is the root of mean of squares of velocity magnitudes of 
the particles. 


P 


Kinetic interpretation of temperature: 


Temperature of a material body is attributed to the kinetic energies of 
random motion of its particles. In an ideal gas, the average kinetic energy 
of a molecule is proportional to the absolute temperature of the gas and it 
is independent of pressure and volume of the ideal gas. 


Equi-partition of energy: 


Kinetic energy associated with each degree of freedom of particles of an 
ideal gas is equal to ¿kT . Here k is the Boltzmann constant and T is the 


absolute temperature. 
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Average kinetic energy of a particle having f degrees of freedom = fer 
k = 1.38 x 10°23 J/K 


Ideal gas equation of state: 
pV =nRT = NkT 

Here n is number of moles and R is the universal gas constant. 
R = 8.31 J/(mol:K) = 1.98 cal/(mol-K) 


Thermodynamics 


Thermodynamics investigates heat and its relation to energy and work. 


Zeroth law of thermodynamics: 


If two systems are each in thermal equilibrium with a third one, they are 
also in thermal equilibrium with each other. 


First law of thermodynamics: 


Energy of an isolated system is conserved. 


Heat supplied Q to a system is equal to algebraic sum of change in internal 
energy AU of the system and mechanical work W done by the system. 


Q=AU+W 
For an infinitesimal change: dQ=dU+dW 


Molar specific heats of gases: 


Molar specific heat of a gas: C= ae 
ndT 
m dQ 
Molar specific heat of a gas at constant volume: C, == 
ndT 'lav-o 
_ dU 
ndT 
PE dQ 
Molar specific heat of a gas at constant pressure: C, =——— 
ndT dp=0 
Mayer's Relation: Cp =C, +R 
Molar specific heat for processes d(pV*) =0: C=Cy+ ; 2 
-x 


| Multiple Choice Questions | Choice Questions & 


1. 


Ee 


In colder regions like the poles, two identical open containers one filled 
with hot water and the other filled with cold water, if left exposed to 
atmosphere, it is observed that usually the hot water freezes earlier 
than the cold water. 


I. The hot water has more heat to lose. 
IT. The hot water initially loses heat at a faster rate. 
III. More evaporation causes more heat loss in hot water. 


Which of the above reasons can be responsible for this effect? 


(a) Reason IT (b) Reason JIT 
(c) Reasons I and IH (d) All the above reasons 


Two identical light metal containers filled with equal amounts of water 
are placed in a room maintained at a constant temperature 25 °C. A 
small metal ball suspended by a thin nonconducting string is submerged 
into one of the containers. Mass of the ball is equal to that of water. Both 
the containers are heated to temperature 40°C and then allowed to cool. 
The container with the ball takes k times longer to cool down to the room 
temperature than the container without ball. Specific heat of water is 
Sw. Specific heat of the material of the ball s, is closest to 


(a) s, = kS, (b) s, =(k+1)s, 
(c) s, =(k-1)s, (d) s, =(1-1/k)s, 


A metal cylinder is placed upright on horizontal top of an ice slab of 
temperature 0 °C. Initial temperature of the cylinder is 50 °C. The 
vertical curved surface and top of the cylinder are adiabatic while its 
base is perfectly conducting. Ice below the base of the cylinder melts and 
the cylinder sinks into the hole thus formed. What fraction of height of 
the cylinder will ultimately sink? 


Specific heat of material of cylinder is 400 J/(kg°C) and density is 
9.0 g/cm?. Specific latent heat of melting of ice is 4.0X10° J/kg and 
density is 0.9 g/em3. Neglect dip in melting point of ice due to increase 
in pressure. 

(a) 30% (b) 40% 

(b) 50% (c) 60% 


A heater of constant power is used to boil water in a pot. During heating, 
temperature of water increases from 60 °C to 65 °C in 1.0 min. When the 
heater is switched off, temperature of water falls from 65 °C to 60 °C in 
9.0 min. If rate of heat dissipation to the surrounding remains almost 
constant, what proportion of heat received by water during heating 
would be dissipated to the surroundings? 
(a) 9% (b) 10% 
(c) 12.5% (d) 15 % 
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Two identical calorimeters one containing water and the other an 
unknown liquid are left in a room and allowed to cool. Masses of the 
water, the liquid and the calorimeter are equal. Specific heat of water is 
4.20 J/(g-°C) and that of the material of the calorimeters is 0.36 J/(g-°C). 
If the calorimeter containing water takes 60 s and that containing the 
unknown liquid takes 40 s in cooling from 50 °C to 45 °C, what is the 
specific heat in J/(g-°C) of the unknown liquid? 

(a) 2.20 (b) 2.68 

(c) 2.92 (d) 3.40 


Speed distribution of molecules of an ideal mono-atomic gas trapped in 
a vessel is given in the following table. 


Speeds of the molecules % number of molecules 


100 m/s 10 
400 m/s 20 
600 m/s 40 
800 m/s 20 
1000 m/s 10 


Temperature of this gas is 324 K. If all the molecules of speed 800 m/s 
escape from the vessel, by what amount will the temperature of the gas 
change? 

(a) Increase by 47 °C (b) Decrease by 47 °C 

(c) Increase by 102.4 °C (d) Decrease by 102.4 °C 


A balloon filled with of 1.0 g of hydrogen is in thermal equilibrium with 
air in a room. Root mean square speed of air molecules at the room 
temperature is 500 m/s, the average molecular mass of air molecules is 
29 g/mol. If hydrogen in the balloon is considered an ideal gas; its total 
internal energy is closest to 


(a) 1813 J (b) 3021 J 
(c) 4223 J (d) 6042 J 


In a container, air is filled and maintained at temperature Tọ. Inner 
surface of walls of the container is maintained at temperature T. At 
different values of temperatures T that are less than, equal to and 
greater than To, pressure exerted by the air on the container walls are 
P,, P> and P; respectively. Which of the following statements is correct? 


(a) Py < Pa < P3 (b) Pi > P > P3 
(e) Pi = P = Ps (d) Pi < P: > P 


A piston can slide without friction inside a horizontal cylindrical vessel, 
which contains an ideal mono-atomic gas. The piston and the inner 
surface of the cylinder are coated with a thin layer of a perfect heat 
insulating material. Initially, the piston in equilibrium divides the 
cylinder into two parts A and B, which are not necessarily equal. The 
temperatures of the gases in both the parts are equal. Now, the piston 
is held in its initial position and the gas in part A is supplied some 
amount of heat, then the piston is released. What will the piston do in 
its subsequent motion? 


10. 


11. 


(a) It will execute oscillatory motion of definite amplitude. 

(b) It will stop somewhere to the right of its initial position after several 
oscillations of decreasing amplitude. 

(c) It will stop exactly where it had started after several oscillations of 
decreasing amplitude. 

(d) Certainly, it will execute oscillations of decreasing amplitude but the 
position where it will finally stop depends on the amount of heat 
supplied. 


Identical balloons are connected through identical valves with two 
identical cylinders. One cylinder contains gaseous helium and the other 
gaseous nitrogen. Both the gases may be assumed ideal, and both the 
cylinders weigh equally. Which balloon will be inflated faster when the 
valves are opened, and why? 


(a) The nitrogen balloon will be inflated faster because nitrogen is a 
heavier element, and so the molecules of nitrogen have greater 
momentum and thus force the balloon to expand at a greater rate. 

(b) The helium balloon will be inflated faster, because helium is a lighter 
element and so its atoms move faster and can get into the balloon at 
a greater rate. 

(c) The helium balloon will be inflated faster because the helium must 
be at higher pressure and hence the gas will be forced into the balloon 
at a greater rate. 

(d) It will depend on whether the gases have to flow up or down to enter 
the balloon. Helium being lighter than air as compared to nitrogen 
will rise faster than nitrogen. Therefore, if the balloons are at the top 
of the cylinders, the helium balloon will be inflated faster; and if they 
are at the bottoms, the nitrogen balloon will be inflated faster. 


In a two-litre metallic bottle, air is pumped to a pressure of 2.0 atm. A 
thin plastic bag of large capacity (greater than 10 L) with no air inside 
is connected to the opening of the bottle that is closed. Bottle together 
with the bag is placed on one pan of balance and weights are put on the 
other pan to establish balance. When the opening of the bottle is opened, 
air flows from the bottle into the bag and the balance may be disturbed. 
How much additional weight is required to reestablish balance? Density 
of air is 1.3 kg/m? and acceleration of free fall is 10 m/s?. 


(a) 0.0 g (b) 0.6 g 
(c) 1.3g (d) 2.6 g 


. A cylindrical box is moving with a constant velocity along its axis in a 


chamber filled with an ideal gas. Velocity of the cylinder is so small that 
it does not produce any turbulence in the gas. If absolute temperature 
of the gas is doubled, in what way must speed of the cylinder be changed 
to keep the drag force unchanged? 


(a) It must be made 0.354 times of its previous value. 

(b) It must be reduced to half of its previous value. 

(c) It must be made 0.707 times of its previous value. 
(d)Drag force does not depend on the temperature of the gas. 
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13. 


15. 


16. 


17. 


A highly conducting cylindrical vessel placed on elevated small supports 
contains an ideal gas under a piston of mass m. Area of the base of the 
cylinder is A. The piston is in equilibrium in the mid of the cylinder. 
Friction force between the cylinder and the piston can be ignored. Total 
mass of the cylinder and the gas is M. The atmospheric pressure is po. 
Now the piston is slowly pulled upwards, find the maximum value of M 
such that the cylinder can be lifted off the supports. 


A- A- 
(a) PTE œ) PTE 
2g 
2p,A—- 
(c) a (d) It is impossible in this way. 
g 


. Two flasks A and B made of conducting materials are connected by a 


thin tube. Two valves C and D are installed on the tube as shown in the 
figure. Initially, both the flasks are evacuated and the valves are closed. 
Now the valve D is opened, an ideal gas is filled in the flask B at pressure 
p and then the valve D is closed. When the valve C is opened, the 
pressure in the flask B drops by amount Ap. If volume of the flask B is 
Vg, what is the volume of the flask A? 


Ap V, pV, 
B b B 
(a) Pas eres 
(o) (p-Ap)V, d) ea 
p 


Two vertical conducting cylinders A and B of different cross sections are 
connected by a thin tube as shown. An ideal gas is trapped in the 
cylinders by two airtight pistons of masses 1.0 kg and 2.0 kg 
respectively. Initially the pistons are at the same height 40 cm above 
the base of the cylinders. If an additional mass of 10 g were gently placed 
on the piston in the cylinder A, which of the following statements 
correctly describe the new steady state ultimately reached. 


(a) Pressure of the gas has been increased. 

(b) Pressure of the gas remains unchanged. 

(c) Height difference between the pistons becomes 30 cm. 
(d) Height difference between the pistons becomes 60 cm. 


Two rubber balloons filled with the same ideal gas when held at the 
bottom of a lake in thermal equilibrium with the surrounding water 
occupy equal volumes. Rubber of the first balloon is a good conductor of 
heat while that of the second balloon is a good insulator of heat. Both 
the balloons are set free simultaneously. If temperature of water in the 
lake is uniform, which balloon will occupy more volume when it comes 
near surface of the lake? 


(a) The first balloon. 

(b) The second balloon. 

(c) Both the balloons will occupy equal volumes. 

(d) Decision depends on the adiabatic exponent of the gas. 


One mole of a mono-atomic gas is supplied heat in such a way that its 
molar specific heat during the heating process is 2R, here R is the 


18. 


19. 


20 


21. 


universal gas constant. If due to heating, volume of the gas is doubled, 
by what factor does its temperature change? 


(a) 1/4 (b) 1/2 
(c) 2 (d) 4 


In a special quasi-static process, an ideal mono-atomic gas is supplied 
heat in such a way that its volume increases and frequency of collisions 
of its atoms on unit area of the walls of the container remains constant. 
What is the molar heat capacity of the gas? 

(a) 0 (b) 2R 

(c) 3R (d) 4.5R 


An ideal mono-atomic gas is trapped in a cylinder closed at its right end. 
The cylinder is divided into two parts by a fixed heat-conducting 
partition and a piston that is to the left of the fixed partition. The piston 
and walls of the cylinder cannot conduct heat. Masses of the gas in the 
left and right parts are m; and mə. A force F applied on the piston is 
slowly increased, starting from some initial value. What is the molar 
specific heat of the gas in the left part during this process? 


(a) 3m,R (b) _ 3m, R 
2m, 2m, 

(c) 3m,R (d) _3m,R 
2m, 2m, 


. If internal energy U of an ideal gas depends on pressure p and volume 


V of the gas according to equation U=3pV, which of the following 
conclusions can you make regarding the gas? 


(a) The gas is not a mono-atomic gas. 

(b) The gas can be a di-atomic gas. 

(c) The gas can be a tri-atomic gas. 

(d) Molar specific heat of the gas in an isobaric process is 4R. 


A vessel is divided into two parts A and B by a fixed partition. The walls 
of the vessel and the partition are made of a perfect heat insulating 
material. There is a hole in the partition, which can be opened and 
closed. Initially the hole is kept closed, an ideal gas is filled in the part 
A and the part B is evacuated. Now the hole is opened for a short time 
and then closed, as a result some of the gas enters the part B. Now the 
hole is again opened, and gas is allowed to flow through the hole until 
net flow of the gas through the hole ceases. How does the temperature 
of the gas change during the first and the second opening of the hole? 


(a) During both the first and the second openings, the temperature 
decreases. 

(b) During the first opening, the temperature remains constant but 
during the second opening, the temperature decreases. 

(c) During the first opening, the temperature remains constant but 
during the second opening, the temperature increases. 

(d)During both the first and the second openings, the temperature 
remains constant. 
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22. A heat-insulated, rigid flask is evacuated and its opening is sealed with 
a cork. The flask is held at rest in a large chamber filled with an ideal 
mono-atomic gas at temperature 27 °C. The cork is suddenly removed 
and air quickly fills the flask. If volume of the flask is negligible as 
compared to the volume of the chamber, what is the temperature of the 
air inside the flask immediately after a thermodynamic equilibrium is 
attained in the flask? 

(a) -93 °C (b) 27°C 
(c) 147°C (d) 227 °C 


23. An ideal mono-atomic gas is confined in a cylinder with the help of a 
piston that can slide inside the cylinder without friction. Walls of the 
cylinder have finite conductivity. Initially the piston is in equilibrium 
with its external surface exposed to the atmosphere at pressure 105 Pa. 
A transient pulse of heat is injected into the cylinder through its walls 
causing the gas to expand until its volume changes by 0.2 L. How much 
heat was supplied by the pulse? 

(a) 20 J (b) 30 J 
(c) 50 J (d) 60 J 


separated from its surroundings by a piston of finite mass, which can 
move without friction. Inner surface of the vessel as well as of the piston 
are coated with a perfectly heat insulating material. The external 
pressure is increased rapidly to triple of its initial value without 
changing the ambient temperature. How many times of its initial value 
will the volume of helium become, when the piston finally stops? 


1 3 
QE Mre 


1 3/5 1 5/7 
© (=) (9 G) 


A student in an experimental study of a process 1—2—3 on an ideal gas 
prepares two graphs to show relations between absolute temperature T, 
pressure P and volume V. Later he found that he has forgotten to specify 
a coordinate axis in each graph and marking states in the second graph. 
Unspecified coordinates are shown by letters A and B and unspecified 
states by letters x, y and z in the second graph. Which of the following 
combinations best suits these graphs? 
@)A=P,B=T,x=1,y=2,z=3 

(A=P,B=T,x=3,y=2,z=1 

(QA=T, BEV, x=3,y=2,z=1 

MWA=T, B=T,x=1,y=2,z2=3 


24. Gaseous helium filled in a horizontal fixed cylindrical vessel is 
25. 


Questions 26 and 27 are based on the following physical situation. 


Two heat conducting pistons can slide without friction in a horizontal pipe 
made of a heat insulating material. Distance between the pistons is 80.0 cm. 
The space between the pistons is completely filled with water. Densities of 
water and ice are 1000 kg/m? and 900 kg/m? respectively, specific heats of 
water and ice are 4200 J/(kg-°C) and 2100 J/(kg-°C) respectively, specific 
latent heat of fusion of ice is 330 kJ/kg and thermal conductivity of ice is 


four times of that of water. Heat capacity of the pistons and that of the pipe 
are negligible. 


26. The left and the right pistons are maintained at constant temperatures 
—40 °C and 16 °C respectively. After a sufficiently long time when a 
steady state is reached, what will the distance between the pistons 


become? 
(a) 80.5 cm (b) 84.2 cm 
(c) 88.0 cm (d) 97.5 cm 


27. Now the devices maintaining temperatures of the pistons are removed 
and the pistons are covered with heat insulating materials. After a 
sufficiently long time when a steady state is reached again, what will 
the distance between the pistons become? 


(a) 80.0 cm (b) 88.9 cm 
(c) 89.2 cm (d) 92.7 cm 


Questions 28 and 29 are based on the following physical situation. 


A hollow cylinder made of a thermally insulating material is equipped with 
a horizontal piston P of mass m and area A. The piston is also made of a 
thermally insulating material. There is no friction between inner surface of 
the cylinder and the piston. Above the piston, a liquid of density p is filled 
up to brim of the cylinder. The piston is supported at the position shown due 
to pressure of an ideal gas filled in the lower portion of the cylinder. Number 
of moles of the gas is n, atmospheric pressure is po and initial temperature 
of the gas is To. The heater H is switched on. 


28. Work done by the gas on the piston is 


(a) pgh’A+mgh (b) p,hA + pgh’A+mgh 
0 

(c) pyhA+0.5pgh?A+mgh (d) 0.5(p,hA+ pgh’ A)+mgh 
29. Final temperature of the gas is 

(a) 2T, (ates (b) 2T, l 

Po Dy + pgh 
(s) 2T PAt+ pghA+mg (d) 2T PAtmg 
i PA + mg °| p,A+ pghA+mg 


Questions 30 and 31 are based on the following physical situation. 


In a long cylindrical vessel made of perfectly conducting walls, an ideal 
mono-atomic gas is confined with the help of a light piston, which can slide 
inside the cylinder without friction. Number of atoms of the gas in the vessel 
are N. Initially the piston is kept in equilibrium against the pressure p; of 
the gas with the help of a weight placed on the piston. In this state 
temperature of the gas is T. Atmospheric pressure is po. 


30. When the weight on the piston is removed, the gas expands rapidly and 
finally the piston settles to a position where the force on the piston due 
to the gas pressure balances the force due to the atmospheric pressure. 
Which of the following is a correct description of this process? 
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(a) The gas does no work. 


(b) Work done by the gas is weer — z) . 
Pi 


(c) Work done by the gas is meTm| 2 l : 
Po 


(d) The process is neither isobaric nor isothermal. 


31. In actual practice, considerable frictional forces act between the vessel 
and the piston. The inner surface of the vessel is lubricated with oil, 
which makes the frictional forces depend on the velocity of the piston. 
Now after removal of the weight, the gas expands quasi-statically and 
finally the piston settles to a position where the force on the piston due 
to the gas pressure balances the force due to the atmospheric pressure. 
How much work is done by the frictional forces on the piston during the 
above movement of the piston? 


(a) -NkT In (=) (b) wer fi 7 Bs) L mf P; } 
Po Pi Po 


(c) -NkT k — 2) (d)insufficient information to decide. 


i 


| Build-up your understanding | your understanding £ A 


1. In the setup shown, load A of mass 160 g made from aluminium of 
density 2.7 g/cm? and load B of mass 400 g made from ice of density 0.9 
g/cm? are suspended from the ceiling with the help of a light inextensible 
insulating thread and two ideal pulleys as shown in the figure. Specific 
latent heat of melting of ice is 335 J/g. Initially the setup is in 
equilibrium with the load A touching the water level and the load B 
partially submerged in water. How much heat must be given to the load 
B so that the load A sinks to the bottom of the container? 


rcs 2. Hot water from a reservoir maintained at constant temperature is being 
added at a very slow and constant rate in a calorimeter initially 
40 containing 1.0 kg of water at temperature 20 °C. The water in the 


calorimeter is being continuously stirred to maintain its temperature 
uniform. The graph shows how the temperature @ of water in 
0 > calorimeter changes with time t. Assuming heat loss to the surroundings 

ts and work done in the stirring process to be negligibly small, find the 
temperature of the hot water reservoir. 


3. Equal masses of an unknown substance in granular form and crushed 
ice are mixed and kept in an insulated container at —40 °C. Specific heat 
of ice and the substance in solid state are s; = 2.1 103 J/(kg°C) and ss 
= 900 J/(kg-°C) respectively. The substance in liquid state is immiscible 
with water. Now heat is supplied at a constant rate to the contents in 
the calorimeter and temperature is recorded at regular intervals of time. 


The data obtained are shown in the graph. Find specific latent heat L of 
melting and specific heat sı in liquid state of the substance. 


A special container having tilted bottom of uniform slope has one inlet 
A at top and one outlet B at the lowest place near the bottom. It contains 
large amount of crushed ice at @= 0.0 °C. From the inlet, water of tempe- 
rature @ = 28 °C is continuously fed to the container at a rate r; = 3.0 g/s. 
Spaces between pieces of the ice permit water to run down and come out 
from the outlet. The outlet is made wider than the inlet to prevent 
accumulation of water in the container and inner surface of the 
container is adiabatic. Specific heat of water is s = 4.2 J/(g°C) and that 
of melting of ice is L = 336 J/g. Find rate of water coming out from the 
outlet, if its temperature is & = 1.0 °C. 


Under certain conditions, a mixture of crushed ice and super cooled 
water at temperature 0, = —21.0 °C is kept in a calorimeter. Total mass 
of the mixture is m = 0.60 kg. Heat capacities of water and ice in the 
calorimeter are equal. Specific heat of ice is s; = 2.1 kJ/(kg-°C), specific 
heat of water is sy = 4.2 kJ/(kg-°C), specific latent heat of fusion of ice is 
L=0.33 MJ/kg and melting point of ice is & = 0 °C. Now heat is supplied 
at a constant rate by a heater to the mixture. The graph shows 
temperature of the mixture for a portion of a time interval after the 
heater is switched on. 


Assuming heat loss to the surroundings and heat capacity of the 
calorimeter to be negligible, find power p delivered by the heater to the 
mixture, time ¢, elapsed in the process of melting of ice and time fz 
elapsed after complete ice melts until temperature reaches @ = 20 °C. 


You have mw = 1.0 kg of super cooled water at temperature 0, = —10.0 
°C kept in a container and crushed ice at temperature @ = —20 °C kept 
in another container. How much of this ice would you add to the water 
so that whole water freezes? Specific heat of water is sw = 4.2 kJ/(kg-°C), 
specific heat of ice is s; = 2.1 kJ/(kg-°C), specific latent heat of melting of 
ice is L = 336 kJ/kg and melting point of ice is = 0 °C. Heat capacity 
of the vessel and heat loss to the surroundings are vanishingly small. 


You have two identical small calorimeters and a very accurate thermo- 
meter. In one calorimeter is 100 g water at room temperature and in the 
other is 100 g boiling water. If you put the thermometer in the first 
calorimeter, it shows 20.00 °C. When you remove the thermometer from 
the first calorimeter and put it in the other, it shows 99.20 °C. If you 
remove the thermometer from the second calorimeter and immediately 
put it again in the first one, how much would it read? Neglect loss of 
heat to the environment. 


Two calorimeters A and B contain equal amounts of water at 
temperatures 48 °C and 80 °C respectively. Mass of water in each of the 
calorimeters is 300 g. From calorimeter A, 100 g water is transferred 
into B and stirred until thermal equilibrium is established, then 100 g 
water is transferred from B to A and stirred until thermal equilibrium 
is established. How many times this cycle has to be repeated until, the 
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difference between the temperatures of the calorimeters becomes less 
than 1.0 °C. Neglect water equivalent of the calorimeters, work done in 
transferring the liquid, work done in the stirring and heat loss to the 
surroundings. 


A mixture of water and ice is kept in a well-insulated calorimeter of 
negligible heat capacity. A heater, which can supply heat at a constant 
rate 50 W to the mixture, is switched on. At the ends of second, third 
and fourth minutes after the heater is switched on, temperature of the 
mixture becomes 0 °C, 2 °C and 7 °C respectively. How many grams of 
water and ice were initially present in the calorimeter? 


Specific latent heat of melting of ice is 390 J/g and specific heat of water 
is 4.0 J/(g-°C). 


A pressure cooker on a stove contains m; = 2.6 kg of water at tempe- 
rature @ = 120 °C with its lid and pressure vent both closed. Now the 
cooker is removed from the stove and the lid is opened. How much mass 
of water will remain in the cooker after the water stops boiling? 


Specific latent heat of vaporization is L = 2.1 MJ/kg, specific heat of 
water is s = 4.2 kJ/(kg-°C). Boiling point of water at atmospheric 
temperature is G = 100 °C. Neglect mass of water evaporated, het 
capacity of the cooker and heat loss to the surroundings. 


A container of base of area S = 200 cm? and negligible heat capacity 
contains a mixture of water and ice each of mass m = 1.0 kg and placed 
on a kerosene stove. 


Calorific value of kerosene is q = 7.0 x 104 kJ/kg. Specific heat of water 
is Sy = 4.2 x 103 J/(kg-°C), specific latent heat of melting of ice is L; = 3.5 
x 105 J/kg, specific latent heat of vaporization of water is L, = 2.5 106 
J/kg, density of water is p = 1000 kg/m. Boiling point of water is @ = 
100 °C and melting point of ice is 8» = 0 °C. 


If 7 = 50% of the heat obtained from burning the kerosene is transferred 
to the mixture, find height of water level in the container after burning 
My = 34 g of kerosene. 


Three identical heaters are installed in a chamber that is made of heat 
insulating walls and is open at one side. The open side is covered with a 
heat conducting membrane as shown in the figure-I. Outside 
temperature is 10 °C. If all the heaters are switched on, steady-state 
temperature inside the chamber becomes 25 °C. If two more membranes 
that are similar to the first one were placed between the heaters as 
shown in the figure-I], what would be the steady-state temperatures of 
the parts A, B and C of the chamber? 


A closed bow] containing a mixture of equal amounts of water and ice at 
temperature 4 = 0 °C, when left in a room, the whole ice melts in time 
Ato = 160 min. Room temperature is @ = 25 °C, specific heat of water is 
Sw = 4.2 kJ/(kg-K) and specific latent heat of melting of ice is L = 320 
kJ/kg. If the bowl were further left in the room undisturbed, how long 
would it take to increase temperature of water in the bowl from 6, = 22 


°C to & = 23 °C? 
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. Boiling water filled up to the brim in a tub cools to a desired temperature 


in a time interval Atọ = 20 min. How long would it take to cool boiling 
water filled up to the brim in another tub of similar shape having linear 
dimensions 7 = 8 times of those of the former to the same desired 
temperature? Consider walls of the tub perfect insulator of heat. 


Argon in an airtight metal cube of volume V exerts a pressure po only at 
the bottom at a very low temperature. Find the force exerted on the top 
of the cube at a temperature T when all the argon is in gaseous state. 
Acceleration due to gravity is g, molar mass of argon is M and universal 
gas constant is R. 


Thin horizontal straight metal pipe of length / = 80 m is lying at bottom 
of a lake that is h = 100 m deep. One end of the pipe is closed and an air 
packet of length xo = 9.0 m is trapped in it between the closed end anda 
light piston. The pipe is now slowly rotated about its closed end. At what 
height above the closed end will the piston be when the tube becomes 
vertical? In your calculations, neglect the atmospheric pressure. 


A tube of length l closed at lower end is held vertically. If an airtight 
piston is placed on its mouth, the piston slides down without friction and 
stops with its upper face at a depth 1/4 from the mouth of the tube. If the 
temperature of air inside the tube is halved and the tube is inverted, the 
piston will settle with its lower face in level with the mouth of the tube 
as shown in the figure. Find thickness of the piston. 


A glass tube of length h open at both the ends is held vertically so that 
half of its length is submerged in mercury kept in a large container. If 
the top end of the tube is closed and the tube is slowly pulled out, how 
much length of mercury column will be left in the tube? The atmospheric 
pressure is equal to the pressure of the column of mercury of height ho. 
Assume constant temperature and neglect capillary effects. 


Water of volume V, = 0.8 L and dry air at atmospheric pressure po = 
1.03 x 105 Pa are present at temperature T; = 309 K in a closed vessel 
of volume V = 1.0 L. A thin layer of oil separates the water from the air 
and prevents evaporation of water. Density of water is py = 1.0 g/cm3 
and density of ice is p; = 0.9 g/em?. If temperature in the container is 
reduced and maintained at a value T, = 240 K, find air pressure after 
all the water freezes. 


A thin tube equipped with a valve is connected at the bottom of a vertical 
cylinder. A heavy piston is suspended from the top of the cylinder with 
the help of a spring and the space above the piston is evacuated. If all 
the air below the piston is pumped out, the piston touches the bottom 
without exerting any force on the bottom as shown in the figure-I. Now 
an ideal gas at temperature T is introduced under the piston through 
the tube until the piston slowly rises to a height h and then the valve is 
closed as shown in figure-II. What will be the height of the piston above 
the bottom of the container, if temperature of the gas is increased to 2T? 
Assume that the piston moves without friction and that the spring obeys 
Hooke’s law. 
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. Two pistons A and B of masses m; and mz trapping n moles of an ideal 


gas between them can slide without friction in a long fixed horizontal 
pipe of cross-section area S. The pipe and the pistons are perfect 
conductors of heat; mass of the gas is negligible, outside pressure is po 
and temperature is Tọ. If constant forces F; and Fs are applied on the 
pistons along the axis of the cylinder as shown in the figure, what will 
the distance between the pistons ultimately become? 


. An ideal gas is trapped in a stationary container with the help of a piston 


and there is a small hole in the container through which the gas leaks. 
If by heating the gas and simultaneously pushing the piston into 
container, temperature and pressure of the gas is increased to 4 times 
and 8 times respectively of their initial values, how many times does the 
rate of leakage of the gas (i.e. number of molecules leaking per second) 
change? 


A diatomic gas is filled in a closed container of constant volume. If 
temperature of the gas is increased by a significant amount, some of the 
molecules dissociate into atoms. Do not consider vibrational degrees of 
freedom while answering the following questions. 


(a) In what way will the specific heat of the mixture change? 
(b) If the specific heat changes by 8%, what fraction of initial amount of 
the diatomic gas has been dissociated? 


A diatomic gas is filled in an adiabatic container at temperature Tı. At 
this temperature molecules of the gas begin to disassociate. If each 
molecule absorbs energy € in disassociation and disassociation process 
terminates at temperature Tə, find ratio of final pressure to initial 
pressure of the gas. 


.In a long fixed horizontal pipe two identical pistons A and B each of 


mass m = 415 g can slide without friction. The pipe and the pistons are 
made of perfect heat insulating materials. The space between the 
pistons is filled with n = 0.1 mole of gaseous helium. The piston A is 
given an initial velocity u = 12 m/s towards the piston B. Find the 
maximum temperature change of the gas in ensuing motion of the 
pistons. 


A mono-atomic gas is filled in a heat insulated horizontal cylindrical 
container at pressure p and temperature T. Density of the gas is p. The 
container is abruptly made to move along its axis with a constant 
velocity v. Find temperature of the gas when a new steady-state will 
establish in the container. 


A cylindrical container contains hydrogen in gaseous state under a light 
piston. The container and the piston both are very good insulators of 
heat. Initially the piston stays at a height h; above the bottom of the 
container in equilibrium. A ball dropped from a height above the piston 
collides elastically with the piston. When all motion ceases and 
equilibrium is reestablished, the piston again stays at the height hi. 
Find work done by the gas on the piston and the height above the piston 
from where the ball was dropped. 
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Some amount of nitrogen gas is filled inside a vertical cylindrical 
container under a massive piston that can slide in the cylinder without 
friction. The inner surfaces of the piston and the container are coated 
with a perfect heat insulating material. The whole assembly is inside a 
highly evacuated chamber. If the piston is struck to impart it a velocity 
u downwards, after a large number of oscillations, the piston comes to a 
complete stop. Find displacement of the piston. 


An ideal mono-atomic gas is confined in a cylinder with the help of a 
piston that can slide inside the cylinder without friction. The cylinder is 
placed on a horizontal platform in a vacuum chamber. The walls of the 
cylinder and the piston are made of heat insulating materials. Initially 
the temperature of the gas is Tọ and the piston stays in equilibrium as 
shown in the figure. The temperature of the gas is quickly increased 7 
times and then the gas is allowed to expand. If the piston rises and again 
acquires an equilibrium state, find temperature of the gas in this new 
equilibrium state. 


Some amount of an ideal gas is confined in a vertical cylinder with the 
help of a piston of mass m loaded with some extra weight of mass Am. 
The walls of the cylinder and the piston are made of heat insulating 
materials. The piston can slide inside the cylinder without friction. 
Initially height of the piston is ho. If the extra weight on the piston is 
removed suddenly, at what height will the piston ultimately settle? 
Ratio of specific heats of the gas (Cp/Cy) is 7. 


. An ideal mono-atomic gas is confined in two portions at the same 


temperature in an adiabatic cylinder with the help of two pistons of 
equal masses as shown in the figure. The whole assembly is inside a 
highly evacuated chamber. The pistons can slide inside the cylinder 
without friction and initial separation between them as well as between 
the lower piston and bottom of the cylinder is h. The upper piston is 
made of a heat insulating material and the lower piston is made of such 
a material that is an insulator of heat and becomes a permanent 
conductor of heat once its temperature becomes twice of the initial 
temperature. Heat capacity of both the pistons and of the cylinder is 
negligibly small as compared to that of the gas. 


The gas in the lower portion is slowly heated until its temperature 
becomes double of its initial temperature. What will be the separation 
between the pistons after a long time when thermal equilibrium is re- 
established between gases in both the portions? 


In a vertical cylindrical vessel, water is kept at its freezing point Tọ 
separated by a thin oil film from n moles of a mono-atomic gas at 
temperatures T < To under a light piston of area A. The walls of the 
cylinder and the piston are made of insulating materials and there is no 
friction between the piston and the cylinder. Initially the piston is in 
equilibrium. Neglecting heat capacities of the vessel and of the piston, 
find displacement of the piston after a long time, when temperature of 
all the contents inside the cylinder settles to Tọ. Specific latent heat of 
melting of ice is L, density of water is pw, density of ice is p; and the 
atmospheric pressure is po. 
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33. A heat insulated cylindrical container is divided into two parts by a 
piston made from a material of very low thermal conductivity and 
negligible heat capacity. The cylinder is fixed horizontally and an ideal 
mono-atomic gas is filled in both the parts to occupy equal volumes V 
each at equal pressure po but at different temperatures T; and Ts > T). 
After a long time, when equilibrium is re-established, what will be the 
temperature in both the parts? How much heat will pass through the 
piston from one gas to another? 


A B c 34. A horizontal cylindrical tube is divided into four parts with the help of 
two fixed partitions A and B and a movable piston C. The tube and the 
Po Po . : k : x 
T, T, Do piston C are made from heat insulating materials whereas the fixed 
Vv, V, partitions A and B are made from a conducting material. Volume 


between the fixed partitions A and B is V; and initial volume between 
the fixed partition B and piston C is Vz. These volumes are filled with 
an ideal mono-atomic gas at pressure po and temperature To. Outside 
the piston C, pressure is also po. Quantity AQ of heat is slowly 
transferred through the partition A to the gas trapped between the 
partitions A and B. Find temperatures of the gases on both sides of the 
partition B and heat transferred through it. 


35. Two parts of a heat-insulated container are separated by a piston that 
can move without friction. The part to the left of the piston is filled with 
n moles of a mono-atomic gas and in the part to the right of the piston 


is vacuum. The piston is connected to the right end of the container by 
a spring of relaxed length that is equal to the full length of the container. 
Find the heat capacity of the system, neglecting the heat capacities of 
the container, the piston and the spring. Universal gas constant is R. 


36. One mole of an ideal mono-atomic gas undergoes two quasi-static 
processes AB and B->C in sequence as shown in the following figure. 
If in the first process, the pressure p is proportional to the temperature 
T and in the second process, the pressure p is proportional to VT, find 
the total heat supplied to the gas in both the processes. Universal gas 
constant is R. 


37. In an old record found in a laboratory, a process 1—~2->3 was shown. 

Over the time, ink faded and it became impossible to see the pressure 
3 and volume axes. However, descriptions given there reveal that the 
states 1 and 3 lie on an isochore corresponding to a volume V, amount 
1: of heat supplied during the whole process 1—2—3 is zero and the gas 
involved is one mole of helium. Find volume occupied by the gas in the 
state 2. 


Qlcal 38. As shown in the given figure, an ideal mono-atomic gas undergoes a 

E D quasi-static process A—B—C—D—E—F—A. Here it is shown that how 

the amount of net heat Q given to the gas varies with temperature T of 

B c the gas. Identify the processes in which volume of the gas increases, 
decreases or remains unchanged respectively. 


> 
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Check your understanding 


1. 


One mole of an ideal mono-atomic gas undergoes quasi-static process 
A—B-C-—A that is shown in the figure, where C is molar heat capacity 
of the gas and @ is temperature of the gas. Find amount of heat Q 
received by the gas from the heater heating the gas, work done W by the 
gas in the entire cycle and efficiency 7 of the cycle? Molar gas constant 
is R = 8.31 J/(mol-K). 


Pressure (p)-volume (V) indicator diagram of a cyclic process 1—2—3—>1 
consists of a straight line 1—2, an adiabatic 2—3 and an isotherm 3-1. 
Pressure (p)-volume (V) indicator diagram of another cyclic processes 
1—3—4—1 consists of an isotherm 1—3, an isobar 3—4 and an 
adiabatic 4—1. If efficiencies of these two processes are 7, and 1%, 
respectively, determine the efficiency of the cycle 1+2—+3->4—1. 


s 


A calorimeter contains a certain amount of a liquid of heat capacity Cı 
and a saucer contains certain amount of a salt of heat capacity Cə. Heat 
capacity of the solution of the salt and the liquid is C3, where 
C, +C, < C, . It is observed that if the salt is dissolved at temperature 


T,, temperature of the solution increases by AT;. Knowing that the heat 
released while the salt is dissolving is independent of temperature, find 
amount by which will the temperature of the solution change, if the salt 
is dissolved at temperature T? 


A vessel contains V; = 20 L water at temperature @ = 20 °C. When a 
heater inside the container, which can supply heat at constant rate, is 
switched on, the water temperature reached a value 6 = 60 °C within a 
time interval At, = 40 min. Now water of temperature @ = 20 °C is slowly 
added into the vessel at a constant rate r = 200 cm?/min. Heat capacity 
of the vessel and heat loss to the surroundings are negligibly small. 


(a) How long after the beginning of the experiment, will water start 
boiling? Boiling point of water is & = 100 °C. 

(b) If instead of water, some other liquid having all properties same as 
those of water except the boiling point that is 150 °C, 1s used, how 
long after the beginning of the experiment, will the mixture start 
boiling? The liquid is miscible in water. 


Water of equal mass m is filled in each of the two cylindrical containers 
and then cooled to freeze into ice at 0.0 °C. Area of base of one of the 
containers is A and that of the other is 2A. Which vessel must be 
supplied greater amount of heat to melt the whole ice in it? Find the 
difference of the heats supplied to both the vessels. Heat capacities of 
the vessels and loss of heat to the surroundings are negligible. 
Acceleration due to gravity is g. Denote by suitable symbols all the 
physical characteristics of water or ice you need. 
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A recently designed heater makes use of latent heat obtained in freezing 
a liquid, which is done by adding a suitable catalyst. This freezing 
process is possible over a wide temperature range. 


The heater shown in the figure is a box of dimensions 1x bxh made of 
an insulating material containing a liquid having the above-mentioned 
property as a working substance. The catalyst is added from the left end 
in such a controlled manner that the frozen portion grows towards the 
right at a slow and steady speed v. Find an expression for temperature 
Oof the heater as function of time t. 


Specific latent heat of fusion of the liquid is L, specific heat of the 
working substance in liquid state is s, in the solid state it is 7 = 10% less 
and the initial temperature is & = 0 °C. In liquid as well as in solid 
states, the working substance has same density and very high thermal 
conductivity. Neglect heat capacity of the box and heat loss to the 
environment. 


A lead pellet is embedded in an ice ball. Mass of ice in the ball is M = 0.9 
kg and its temperature is 0=-42°C. When the ice ball is gently released 
on the surface of water kept at temperature 4 = 0°C in a large container, 
it first sinks to the bottom and then after some time it comes out and 
floats partially submerged in water. Find the range of values of mass m 
of the lead pellet. 

Densities of water, lead and ice are pw = 1.0 g/cm?, pp = 11 g/cm? and p, 
= 0.9 g/cm? respectively. Specific heat of ice is s = 2.4 J/(g°C) and specific 
latent heat of melting of ice is L = 336 J/g. Heat capacity of the lead 
pellet is negligibly small as compared to that of the ice ball. 


In a cold but not freezing weather at temperature & = 0°C, it is required 
to burn ma = 34.1 kg of dry wood of density pa = 600 kg/m? to heat up a 
large room. Now you are supplied with wet wood of density pw = 800 
kg/m? and asked to heat another identical room under identical 
conditions. How much wet wood will you have to burn to accomplish the 
task? Smoke produced in burning the wood is taken out of the room 
through a chimney. 

Calorific value of dry wood is q = 107 kJ/kg, specific latent heat of 
vaporization of water is L = 2.3 MJ/kg, specific heat of water is s = 4.2 
kJ/(kg-°C) and boiling point of water is & = 100 °C. 


A kettle of negligible heat capacity containing m; = 1.0 kg of cold water 
at 8. = 0.0 °C is put on a massive plate of an electric heater of constant 
power. The water starts boiling in a time interval At, = 15 min after the 
heater is switched on. If another 1.0 kg of cold water is added into the 
kettle, the whole water starts boiling again after a time interval At = 
10 min. Now the heater is switched off. If entire heat stored in the heater 
plate is transferred to the water, calculate mass of water evaporated 
after the heater is switched off. 

Specific heat of water is s = 4.2 kJ/(kg-°C), specific latent heat of 
vaporization is L = 2.1 10° J/kg, boiling point of water is 4 = 100 °C 
and heat loss to the environment is negligible. 
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An ice piece at temperature @ = 0 °C is affixed at the bottom of an 
insulated cylindrical vessel. Water equal to that of the ice in mass is now 
gently poured in the vessel. Area of base of the vessel is small enough so 
that water completely covers the ice piece and reaches a level h = 19.0 
cm above the base. Initially water level starts coming down and finally 
settles at level Ah = 0.7 cm below the initial level. Find temperature 0 of 
the water before it was poured into the vessel. 


Heat loss to the environment is negligible. Density of water is pw = 1.0X 
10? kg/m2, density of ice is p; = 0.90 x 103 kg/m3, specific heat of water is 
Sw = 4.2 kJ/(kg-K), specific heat of ice is s; = 2.1 kJ/(kg-K) and specific 
latent heat of melting of ice is L = 3.3 x 10° J/kg. 


A block of mass 100 g and temperature 0 °C is immersed in a calorimeter 
containing 500 g water at temperature 45 °C. Specific heat s of the 
material of the block depends on temperature @ according to equation 
s=s,(1+k0), where so = 4.2X103 J/(kg-°C), k = 0.10 °C" and @ is 
temperature in degree Celsius. Find final temperature of water in the 
calorimeter. Neglect heat capacity of the calorimeter and loss of heat to 
the surroundings. Specific heat of water is 4.2 x 103 J/(kg-°C). 


Three cylindrical vessels identical in all respect except in their heights 
are completely filled with water. Volumes of the first, second and the 
third vessels are V, = 1.0 L, Vz = 2.0 L and V; = 3.0 L respectively. A 
heater can heat water of the first and the second vessels to maximum 
temperatures of 0, = 80 °C and & = 60 °C in ambience of temperature b 
= 20 °C. Up to what maximum temperature can the water in the third 
vessel be heated by this heater in the same ambience? 


Thermal conductivity in wood depends on the direction of heat flow and 
usually it is higher along the fibres of the wood than in other directions. 
In a wood sample, thermal conductivity along the fibres is 7 times of 
that perpendicular to the fibres. Two identical cylinders are cut from 
this wood; axis of the first cylinder is parallel to the fibres and that of 
the second makes an angle @with the fibres. The curved surfaces of both 
the cylinders are well insulated from the surroundings. If equal 
temperature differences are applied across their circular ends, find ratio 
of heat flux in the first cylinder to that in the second cylinder. 


One side of a thin metal plate is illuminated by the sun. When the air 
temperature is To, the temperature of the illuminated side is T; and that 
of the opposite side is T}. What will the temperatures of each sides be, if 
another plate of double thickness is used? 


A square frame of side l = 5.0 m built in a laboratory is rigidly fixed on 
a frictionless horizontal floor as shown in the figure. Within the frame 
N = 50 identical particle-like balls each of mass m = 5.0 g are confined. 
The balls are moving randomly, all with a constant speed v = 2.0 m/s on 
the floor, colliding with each other and with the walls of the frame. 
Assuming all the collisions to be perfectly elastic, calculate the average 
force exerted by the balls on any of the vertical sides of the frame. 
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A water diver of mass m = 80 kg, when breathes in up to his maximum 
capacity that is Vmax = 4.0 L of air, his body volume becomes V = 82 L. If 
he breathes in up to his maximum capacity and jumps into water, from 
what maximum depth (measured from the water surface to his chest) 
can he come to surface of the water without any swimming effort? 
Assume flesh and the bones in the body of the diver almost 
incompressible as compared to the air in his lungs. Density of water is 
p= 1000 kg/m, atmospheric pressure is Po = 1.0 x 105 Pa and accelerat- 
ion due to gravity is g = 10 m/s?. 


A weightless box of height h is placed in a larger box of height H. Small 
holes A and B are made near the bottoms of the boxes as shown in the 
figure. If water is pumped into the large box through the hole B, what 
will the air pressure be in it, when the smaller box touches the ceiling 
of the larger box? The process takes place at constant temperature, and 
the smaller box does not rotate during the process. 


Temperatures of upper and lower surfaces of a plane horizontal sheet of 
area S are maintained at Tı and T, respectively. Air pressure on both 
sides of the sheet is po, the ambient temperature is Tọ and acceleration 
of free fall is g. The air molecules strike a face of the sheet with kinetic 
energy that corresponds to the ambient temperature and bounce off the 
face of the sheet with kinetic energy that corresponds to the 
temperature of the face of the sheet. What should the mass of the sheet 
be so that it stays floating at a level height in the air? 


Two fixed vertical cylindrical vessels are connected at their bottoms by 
a thin tube. One mole of gaseous nitrogen is confined in the vessels 
under pistons A and B that can slide in the vessels without friction. Both 
the vessels have protrusions near their top on their inner surface to stop 
further upward motion of the pistons allowing a maximum height Amax 
= 1.0 m of columns of nitrogen gas in each of the vessels as shown in the 
figure. Outside the vessels is air at atmospheric pressure po = 10° Pa. In 
an experimental study pressure of the gas is measured over a wide range 
of temperature and a pressure (p)-temperature (T) graph is prepared. A 
portion of the graph is shown in the adjacent figure. Calculate masses 
and areas of the pistons. 


A bottle of capacity V; = 1.0 L made of a non-stretchable but flexible 
plastic contains a mono-atomic ideal gas at pressure p; = 2.0po. Here po 
= 105 Pa is atmospheric pressure. The bottle is connected to a rigid vessel 
of capacity V2 = 4.0 L by a thin tube equipped with a valve. The vessel 
is made of a good conducting material. Initially the valve is closed and 
vessel is almost evacuated to pressure pə = 0.1po. The temperature 
inside the bottle and the vessel is T; = 240 K that is also the ambient 
temperature. Now the valve is opened and after pressure in the bottle 
and the vessel equalizes, temperature of the gas in the vessel is slowly 
increased to T = 600 K. Construct a graph between the pressure and 
temperature of the gas inside the vessel during the heating process. 


An ideal di-atomic gas of molar mass M is filled at temperature T; in a 
large container that is moving with a constant velocity v. The inner 
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surface of the container is coated with a perfect heat insulating 
material. At this temperature any sort of rotational motion of the 
molecules is not present i.e. rotational degrees of freedom of the 
molecules are frozen. The rotational degrees of freedom become 
unfrozen at a fixed temperature To of the gas. The container is stopped 
suddenly. Find temperature of the gas when a steady state is reached. 
Assume that no vibrational degrees of freedom are unfrozen. 


A cylinder of volume V= 10 L made by adiabatic walls containing m = 8 
g of helium gas is divided into two parts by a thin fixed rigid membrane. 
Volume of the right part is 7 = 2 times of volume of the left part. An 
electric heater of constant power installed in the left part is switched on. 
Due to finite thermal conductivity of the membrane, heat passes from 
the left part into the right part. Heat transfer rate through the 
membrane is H = 0.2 W per 1 °C temperature difference across the 
membrane. Initially the heater was switched off and both the parts were 
in thermal as well as mechanical equilibria. The membrane can 
withstand a maximum pressure difference of Ap = 1000 Pa. 


Find the maximum power Pmax of the heater so that the membrane 
remains intact after long time of heating. Molar mass of the helium is 
M= 4 g. Consider slow heating process. 


A heat-conducting piston connected with the help of a spring to one end 
of a horizontal closed insulated cylinder divides the cylinder into two 
parts. Each part of the cylinder contains equal number of moles of a 
mono-atomic ideal gas. The length of the cylinder is 2/ and relaxed 
length of the spring is //2. Initially temperature of the gas in both the 
parts is T, extension in springs is x and the piston is in equilibrium. Now 
a hole is made in the piston. If heat capacities of the cylinder, the piston 
and the spring are negligible, find change in the temperature of the gas 
after establishment of new equilibrium state. 


. A vertical U tube is completely filled with a liquid of density p. The inner 


cross-section area of each of the vertical arms of the U tube is S, total 
volume of both the arms is Vo and volume of bottom arm is negligible. 
Both the ends of the tube are of the same height. One of them is open to 
the atmosphere, and the other one is hermetically connected to a flask 
of volume V, filled with an ideal mono-atomic gas. 


Find the amount of heat, which must be given to the gas to drive slowly 
half of the liquid out of the tube. The atmospheric pressure is constant 
and equal to po. Pressure of liquid vapors, effects of surface tension and 
heat loss to the environment are negligible. Acceleration due to gravity 
is g. 


. An ideal mono-atomic gas is trapped in a vertical fixed cylinder under 


an airtight piston of mass m and area S. Initially, when the piston is 
held at height ho above the bottom of the cylinder, the pressure of the 
gas is Po. Outside the cylinder is vacuum and heat loss to the 
surroundings is negligible. When the piston is released, it rises and 
acquires its maximum speed after moving a distance h. Calculate this 
maximum speed of the piston. Acceleration of free fall is g. 
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A heat-conducting piston that can slide inside an insulated vertical 
cylinder is held in the middle of the cylinder. In the parts of the cylinder, 
which are above and below the piston, equal amounts of an ideal mono- 
atomic gas are maintained at temperature T and pressure p. After the 
piston is released, it moves first and finally stops, when difference of 
pressures of the gas in both parts of the cylinder becomes Ap. Find the 
change AT in the temperature of the gas. Heat capacity of the piston and 
the cylinder is negligible. 


Two heat-insulating pistons connected by a spring can slide without 
friction inside a horizontal heat insulating tube, which is open at both 
of its ends. One mole of a mono-atomic gas is filled between the pistons 
at temperature T; = 300 K. At this temperature of the gas, the spring is 
not relaxed. If an amount of heat is supplied to the gas, its temperature 
becomes T = 400 K and length of the spring becomes 7 = 1.1 times of its 
initial length. How much heat is supplied to the gas? 


In a vertical cylindrical container, ng moles of dry ice (CO, in solid state) 
and n. mole of CO, gas are in thermal equilibrium under a piston. Walls 
of the cylinder and the piston are insulators of heat. Above the piston is 
vacuum. When the system is supplied, an amount Q of heat that is 
greater than heat of sublimation of dry ice, the piston moves up a 
distance h and a new steady state is reached. Find temperature inside 
the container in the new steady state. 

Sublimation temperature of dry ice is T, and molar specific heat of 
sublimation is L. 


Two cylinders A and B of equal volume Vp contain the same ideal mono- 
atomic gas at the same temperature Tọ but at different pressures 2po 
and po respectively. They are connected by a thin tube installed with a 
valve that is initially closed. The valve is opened and as the gas leaks 
from the cylinder A to the cylinder B, the pressure in the cylinder A is 
maintained 2p, by pushing the piston into the cylinder. The process is 
continued until the pressure in the cylinder B also becomes 2p. 


Push 
on the A = | B 


piston 


Find the final temperature in terms of Tọ and final volume of gas in 
cylinder A in terms of Vo. Both the cylinders are in good thermal contact. 
Neglect heat loss to the surroundings. 


. Inside a long cylinder, n = 0.5 mole of an ideal mono-atomic gas is 


trapped with the help of an airtight heat-insulating piston. The curved 
wall of the cylinder is made of a heat conducting material and the 
circular base is made of a heat insulating material. The piston is 
connected with left wall of the cylinder with an elastic rubber cord of 
negligible relaxed length and force constant k = 25 N/m. The cylinder is 
placed in an airtight evacuated oven and then oven is switched on. 


The piston is stopped at a distance lọ = 1.0 m from the left end of the 
cylinder, rate of temperature increase of the gas is measured and then 
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the piston is released. If this rate of temperature increase is ro = 0.08 
K/s, find speed of the piston after it is released. 


One mole of an ideal mono-atomic gas is made to undergo a sequence of 
quasi-static process A—B—C—D—A as shown in the first figure. 
During one cycle of the process, the gas receives an amount Q of heat 
and acquires a maximum temperature during the process that is 16 
times of the minimum temperature. Now consider a somewhat modified 
process 1>B—>C-—>D-—+3-—2-—>1 shown in the figure where the states B, 
2 and D are on the same isotherm. 

p/iPa Br a plPa 


0 Vim3 0 Vim* 


How much heat would the gas receive in one cycle of the modified 
process? Here the term “heat received by the gas” means the heat 
supplied to the gas and not the net heat transfer between the gas and 
the surroundings. 


An ideal gas undergoes a cyclic process that is shown by a circle in a p- 
V indicator diagram of the process. What is the ratio of the highest 
temperature to the lowest temperature attained by the gas during the 
process? 


One mole of a mono-atomic ideal gas is made to undergo a quasi-static 
cyclic process. During the process AB, temperature T of the gas varies 
with its volume V according to the equation T =bV’, where b is a 
constant. During the whole cycle, maximum pressure of the gas is two 
times of the minimum pressure. If the gas absorbs 120 J of heat during 


process AB, how much heat does the gas liberate during the process 
B-C—A? 


If ratio of efficiencies of the two processes A and B shown in the p-V 
indicator diagram is k, find the efficiencies 7, and mp of the processes. 
The working substance in these processes is one mole of an ideal mono- 
atomic gas. 


One mole of an ideal mono-atomic gas undergoes a process AB that is 
a straight line on a p-V indicator diagram of the process as shown in the 
figure. Find volume of the gas when the process turns from an 
endothermic to an exothermic one. 
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Challenge your understanding 


1. Two identical cups are placed on a table. One is filled with hot milk at 


temperature T; and the other one is empty. It is desired to cool the milk 
to a desired temperature Ts. To quicken cooling process you can adopt 
either of the following methods. 


(a) First, pour the whole milk in the empty cup and wait till temperature 
falls to Tə. 

(b) First, wait for some time, then pour the whole milk in the empty cup 
and then wait till temperature falls to To. 

(c) First wait and then pour the milk in the empty cup at such an instant 
that immediately after pouring the milk its temperature becomes T>. 


If heat transfer from milk to cup occurs in negligible time, which one of 
the above strategies will you prefer? 


A large number of identical elastic balls are moving randomly inside a 
fixed vertical cylindrical container under a piston that is at a height h = 
1.0 m above the bottom of the container. The container is kept inside a 
gravity free chamber. Root mean square speed of the balls is of the 
order of 10? m/s and mean collision time of the balls is of the order of 102 
s. The piston is suddenly made to move upwards with a constant velocity 
u=1.0 m/s and stopped at a height 2h above the bottom of the container. 
Find ratio of total internal energy of the balls in the new steady state to 
that of initial state. 


Length of barrel of a gun is l = 5.0 m and mass of a shell fired is mp = 45 
kg. During firing, combustion of the gun powder takes place at a 
constant rate r = 2.0 x 10° kg/s, the gun-powder is completely transfor- 
med into gas of average molar mass M = 5.0 x 102 kg/mol, temperature 
T = 1000 K of the gases remain fairly constant and displacement of the 
shell inside the barrel is proportional to t° (t is time and gis a constant). 
Neglecting all forces other than force of the propellant gases during 
firing, find the muzzle velocity of the shell. 


An ideal gas is trapped in a vertical cylinder under a piston. The inner 
surface of the cylinder is lubricated with oil. The cylinder is made of a 
material of finite thermal conductivity. Initially the piston stays in 
equilibrium at a height h above the base of the cylinder and the system 
is in thermal equilibrium with the surroundings. When a small weight 
is gently placed on the piston, the piston quickly settles to a new 
equilibrium position Ah, distance below its initial position. After a long 
time, the piston moves further down by a distance Ah = 0.4Ah,. If 
displacements Ah, and Ah, both are negligibly small as compared to the 
initial height h of the piston, find molar specific heat at constant volume 
of the gas and predict atomicity of the gas. 
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5. A horizontal cylinder with a fixed partition and a piston as its right side 
wall is filled with helium gas. In the partition is a valve that opens when 
pressure in the right part exceeds pressure in the left part. Area of the 
piston is A = 100 cm?. Initially the piston is J; = 112 cm away from the 
partition and lengths of both the parts are equal. Amount of the gas in 
the left and right parts are m; = 12 g and m = 2 g respectively. 
Temperature in both the parts is T; = 0 °C. Specific heats of helium at 
constant volume and constant pressure are cy = 3.15 kJ/(kg-K) and cp = 
5.25 kJ/(kg-K). Atmospheric pressure is po = 10° Pa. Walls of the 
cylinder, the partition and the piston all are made of good heat 
insulating materials. 


~ p 


The piston is pushed into the cylinder, stopped for a while when the 
valve opens allowing thermal equilibrium to establish between both the 
parts, and then further pushed until it reaches the partition. Find work 
done by the force pushing the piston. 
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Chapter-8 
Since the substance in liquid state is 
immiscible in water, they can be treated as 
separate entities with their original specific 
heats. 


Pa 
‘| L+s(@ -9) 


Since ice is a bad conductor of heat, the 
outer layer of an ice piece in contact with the 
flowing water will melt and temperature of 
inner portion will remain almost unchanged. 


The flow of water is turbulent enough so that 
water being cooled is mixed well with hot water. 


p-[Pae |e sw 
Si t Sy dt 0<t<20 
i= 7 =785.71s 
da 
2s, — 
dt 0<t<20 
p dls tse) 399 5 
do 
2s, — 
dt 0<t<20 
L-s (0. <8 
m {L -su (6: ero kg 
si (0 — 6.) 
20.79 °C 


Since water is in small quantity, heat 
capacity of the thermometer cannot be neglected 
as compared to that of water and the 
calorimeter. 


Five 


130 g and 20 g 
The temperature-time graph, if prepared, 
is not a single straight line, therefore state 
change must occur at an instant in the given 
time intervals. 


{1-20 25kg 
L 


In a short time after opening the lid, 
temperature of water drops to its boiling point. 
Heat released in this process is utilized in 
evaporation of some amount of water. 
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m{2L, +L, +25, (0, -0x )}- nam, 
pL,S 


Total mass of the contents remaining in 
the container after burning the given amount of 
kerosene equals the difference of total mass of 
the contents initially present and mass of 
evaporated water. 


=10 cm 


25 °C, 35 °C and 40 °C 

Since the walls of the chamber are 
insulating, heat transfer takes place through 
the membranes only. In addition, the membr- 
anes are identical; therefore, rates of heat 
transfer through them must be in direct ratio of 
the temperature differences across them. 


4s, (0, — 9, )(0, — 9, )At 
L (20, -@, - 4,) 

Due to small difference between the 

temperatures of the bowl and the room, 


Newton’s law of cooling/heating can satisfacto- 
rily be used. 


° = 42 min 


nAt, = 40 min 


silt Mass of water becomes 78 times whereas 
surface area from where it dissipates heat 
becomes 772 times. 


DV? RT 
eM 


4 
hy +h- h? +h? 
2 
(V-V _)T 
Bait z) 2 =1.44x10° Pa 


(AV - pV, )T, 


V2h 


Irrespective of state of the spring, whether 
extended or compressed, the force of the gas 
pressure equals the product of stiffness of the 
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spring and displacement of the piston from the 
bottom of the cylinder. 


nRT, (m, + mM, ) 
m F,+m,F, + pPS(m, + m, ) 
Ultimately, the separation will acquire a 


minimum value and both the pistons will move 
with same velocity and acceleration. 


4 times 


Under the given conditions, the rate of 
leakage of the gas at an instant is equal to half 
of the product of the molecular density in the 
container, the average speed of the gas mole- 
cules perpendicular to the hole inside the 
container and the area of the hole. 


(b) 2/5 


SO 


(a) increase 


2e+kT, JT. 
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The process takes place at constant 
atmospheric pressure. Since initial temperature 
of the gas is lower than that of water, which is 
at its freezing point, some amount of water will 
freeze supplying latent heat released to the gas. 


8.29 


You have to account for increase in volume of 
the gas, and net increase in the volume of the 
remaining water and the ice made. 


ahs ma py) h 

TR a IIE, 

T hi4 2AQ 5V,AQ 
p, (8V, +5V,)[ °S 3V, +5V, 

2n R 


For the process to be quasi-static, the force 
of pressure of the gas must always be balanced 
by the spring force. 


R(4T, -Tp - 87, ) 
2 


4V 


Volume increases in processes A—B, C—D, 
D—>E and F—A. 


Volume decreases in processes B>C, EF. 


In none of the processes, the volume remains 
unchanged. 


q= (6, ~9,)=1.9 kd; 
w=" (4, -4,) = 0.62 kJ; = 33% 
M +N =h 
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1. AT, [SABO er 7) 


3 


(a) At, g + ' = 240 min 


(b) Never 


The maximum attainable temperature 
Omax 1n the given conditions is 


na-a 


0... =O, ') -120 °c 


rt, 


The narrower vessel 


Here p; and pw are densities of ice and water. 


Consider change in gravitational potential 
energy also. 


0= 0, -2in(1-™) 

ys l 
Latent heat of freezing released at every 
instant of time spreads in the liquid as well as 
in the frozen part of the liquid without any 
appreciable temperature gradient due to very 
high thermal conductivity. 


ufala) on. 


Pi (Pp — Pw) 
dieses 


>110g<m<143¢ 


Initially when the ice ball containing lead 
pellet is released into the water, it sinks. 
Therefore, its weight must be more than the 
buoyant force. 


Initial temperature of the ice ball is lower than 
that of water, therefore, when it is at the 
bottom, it absorbs heat from the surrounding 
water. This causes some amount of surrounding 


10. 


water to freeze and gather an extra layer of ice 
on the ice ball. In this way, volume of the ice ball 
increases and so the buoyant force. 


QM Pw 
Pad - (Py -Pa ){s(0, - 9,)+L} 


Wood absorbs water like a sponge i.e. 
water goes into pores present in the wood 
displacing air out of the pores. Thus in process 
of becoming wet; dry wood absorbs water 
without change in its apparent volume. 


= 50 kg 


Density of a sample of wood equals the ratio of 
its mass to its apparent volume. 


m,s(6, - 6, )(At, — At, ) 
LAt, 


After the heater is switched on; a part of 
heat generated is stored in the heater-plate and 
the remaining part is utilized to increase the 
temperature of the initial amount of water 
present in the kettle. 


After the heater is switched off, the heat stored 
in the heater-plate is utilized to vaporize the 
water present in the kettle. 


Gael Pa 8) 55 °C 


=100 g 


Pw Z Pi 

Since the ice is fully immersed in water, 
height of the water level equals the ratio of total 
volume of the water and the ice to base area of 
the container. 

If the whole ice were melted, the change in total 
height would have been greater than the given 
value of the change in total height. 


30 °C 
0 ,— 0-0) -0)0V-V) 
° (8, -0,)(V;-V,.)+(0,-0,)(V: -V:) 


In steady state when temperature of a 
vessel with water achieves its maximum value, 
the rate of heat delivered by the heater becomes 
equal to the rate of heat dissipation to the 


=50 °C 


11. 


12. 


13. 


14. 


15 


surroundings, which is proportional to the 
excess temperature and the total surface area of 
the top and the bottom circular surfaces and the 
curved surface. The total area of the top and the 
bottom is identical for all the three vessels and 
the curved area is proportional to the height and 
hence to the volume. 


1 
ncos’ 0 + sin? 0 


_ 22 + TT, -T, (37, -T,)-T} 


Lrs d 
1 A(T. —T,) an 
ps ee 
= 
2(T, -T) 


In steady state, every plate receives heat 
at constant rate from the sun; a part of it is 
radiated to the surrounding from the first face 
and the remaining part is conducted through 
the plate to the other face, where it is radiated 
to the surrounding. 

Moreover, temperatures of the faces of the 
plates are higher than that of surroundings by 
such a small amount that Newton’s law of 
cooling can be used to get result within 
reasonable limits of accuracy. 


Nmv? 
21 


=0.1N 


Po (pV 7 m) 
pg{m-p(V-V,,,.)} 


The condition “without any swimming 
effort” means that the diver has to come to the 
surface of the water with the help of buoyancy 
only; therefore, he can go up to that depth where 
average density of his body equals the density of 
water. 


=10m 


Since the density of the flesh and bones remains 
almost unchanged, all the change in average 
density is due to reduction in volume occupied 
by the air in his lungs under the pressure of 
water. 


. The required condition is impossible to achieve. 


Since the smaller box is weightless; air 
pressure inside it and inside the large box is 
always expected to be equal. 
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Sp, (T4 -T.) 

28T, 
Masses and area of one of the pistons are 100 kg 
and 0.01 m2 and that of the other piston are 75 
kg and 0.005 m2. 


p/Paa 
1.29 
0.8p9 
0.4p 
Fae 
0 240 500 TIK 
pa = Pt Pale 6p, ; 
V, 
VT 
p =P _ = 400 K; 
PV, + PV, 
V +V T 
T, = PV +V)T =500 K 
PV, + PV, 


Process A—>B: Isochoric 


(24an 


T = p = 250T 
TV, 


Process BC: Isobaric p= p, 
Process CD: Isochoric 
-T> P2008 
T, (V, +V,) 


As the bottle is made of a non-stretchable 
flexible material, its volume depends on the 
difference of the atmospheric pressure and the 
pressure inside the bottle. If the pressure inside 
the bottle is more than the atmospheric 
pressure, its volume must be V, and if the 
pressure inside the bottle is less than the 
atmospheric pressure, the bottle shrinks to have 
vanishingly small volume. 


Immediately after the valve is opened, the 
forces of the atmospheric pressure acting on the 
walls of the bottle quickly push the gas from the 
bottle into the vessel. During this transfer, the 
gas acquires a kinetic energy due a unidirect- 
ional movement into the tube. Now this kinetic 
energy of the gas in the vessel is converted into 
kinetic energy of random motion of molecules of 
gas in the vessel. This could have increased 


832 
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temperature of the gas, but the walls of the 
vessel are conducting, therefore, the gas comes 
in thermal equilibrium with the surrounding. 
Now the gas is at its initial temperature and 
pressure lower than the atmospheric pressure. 
This state of the gas is designated by letter A. 


Now due the heat supplied the gas undergoes an 
isochoric process (process A—>B) until inside 
pressure becomes equal to the atmospheric 
pressure. This state is designated by letter B. 
After acquiring, the state B, the gas undergoes 
an isobaric expansion (process B->C) in which 
gas is again gradually transferred into the 
bottle until the bottle is fully expanded and total 
volume of the gas becomes equal to sum of the 
volume of the vessel and initial volume of the 
bottle. This state of the gas is designated by 
letter C. If we continue the heating, the gas now 
again undergoes another isochoric process 
(process C—D) at volume that is the sum of the 
volume of the vessel and initial volume of the 
bottle. 


f [aR T, -T, 
par ; Üz ETE 2 i) 
3R M 
-ln BR(T%)-T) ,< R(5T, -3T,) 
M M 
2 = 
3T, Mv R(5T, 82) _, 
5 5R M 
Pg (LE 0.18 W 
7 mR 


pus Since the walls of the cylinder are 
labatic, the membrane is conducting and has 
negligible heat capacity, the total heat supplied 
by the heater must be distributed between the 
gases in both the parts of the cylinder. 
Furthermore, volume of the gases in each of the 
parts remains constant during heating, all the 
heat they receive must be utilized to increase 
their internal energies. Therefore, the total heat 
supplied by the heater is divided between the 
gases in both the parts in proportion of their 
amounts. 


2xT l- 2x 
a 3 la e! 
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Initially the spring force was balanced by 
the unbalanced forces of the pressures of the 
gases on both sides of the piston. This fact 
provides information about the force constant of 
the spring and energy stored in the spring. 


Since the system consisting both the parts is a 
closed system of constant volume, during the 
process taking place after the hole is made, the 
total energy stored in the spring is utilized in 
increasing the internal energy of the gas. 


4 SP, 


The gas in flask expands against pressure 
of level difference of mercury columns 
augmented by the atmospheric pressure. 


Heat supplied to the gas equals the sum of the 
increase in the internal energy of the gas and 
work done in expansion of the gas that is equal 
to work done against gravity by the gas in 
pushing the liquid out. 


[e -g (5h +3h,) 
m 
T 


2 
ie (2 ) r 
5 3\ p 
Since the system consisting both the parts 
is a closed system of constant volume, during 
the process taking place after the piston is 
released, the work done by gravity on the piston 


is utilized in increasing the internal energy of 
the gas. 


AT = 


In final state weight of piston is balanced by 
unbalanced force of pressure difference of the 
gases in the upper and the lower parts. 


Numbers of moles in both the parts remain 
unchanged during the process. 


Zan, AE OV or +T,)|=1520 J 
n 


2Q - 2n, L +(5n, + 7n,) RT. 
T(n +n. )R 


Initially the dry ice and the gaseous CO, 


are in thermal equilibrium at the sublimation 
temperature. 
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1; 


Sublimation is state change from solid to 
gaseous state without entering into liquid state. 
During sublimation, temperature remains 
unchanged and heat absorbed is known as heat 
of sublimation. 


Ny and Lv, 
15 10 
oan 5 mm/s 
8k, 

24 
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All the three will take the same time. 


Since heat transfer from the milk to the 
cup is almost instantaneous; therefore, when- 
ever you pour milk in another cup, fall in 
temperature of the milk must be proportional to 
the temperature difference between the milk 
and the surroundings. 


z 
4 


1/3 

a AEE). 45860 fale 
2| 3m,M 

Ah p 
Ah, 
During both the spells of the whole 
process, the displacements Ah, and Ah, of the 
piston are so small that the pressure of the gas 


> R; The gas is diatomic. 
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an -4.39 
22-1 
130 J 
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Ma =g Is ~ 3, 
5 
ru 


When a process changes from endothermic 
to exothermic nature or vice versa, it must pass 
through a stage of extremum of its heat 
contents. 
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can be assumed almost constant and work done 
by gravity goes partially into the gas and 
partially into loss in viscous drag. The very 
small duration of the first spell enables us to 
ignore energy loss due to viscous drag and at the 
same time, the finite thermal conductivity of the 
cylinder does not allow heat to flow out of the 
gas. In the large time span of the second spell, 
heat flows out of the cylinder to bring the system 
in thermal equilibrium with the surroundings. 


Uy)" 
cy (m, +m, )T, mM TA | -1 |- p, Al, 
m +m, m, 
= 3674 J 
As no heat exchange with the 


surroundings is permitted, the work done by the 
net external force i.e. the pushing force and the 
force of the atmospheric pressure equals the 
increase in internal energy of the gas. 
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Properties of Matter 


Thermal-expansion of solids and liquids; 
elasticity: Hooke's law, modulus of 
elasticity, elastic potential energy; surface 
energy and surface tension, capillary 


BACK TO BASICS 


phenomenon, excess pressure; viscosity 
(Poiseuille’s equation excluded), Stoke's 
law, terminal velocity. 


Thermal Expansion 


Most material bodies expand on heating. 


Coefficients of thermal expansion 


Coefficient of linear expansion: a= a. 
Id@ 

i i dS 
Coefficient of area expansion: p=— 
Sd@ 

D : dV 
Coefficient of volume expansion: y =—— 
Vdo 


Isotropic and anisotropic thermal expansion: 


Thermal expansion is isotropic, if coefficients of thermal expansions in all 
directions within a solid body are equal; otherwise, it is anisotropic. 


Suppose coefficients of linear expansion in three mutually perpendicular 
directions x, y and z within a body are æy, a, and az. 


“It is evident that an acquaint- 
ance with natural laws means 
no less than an acquaintance 
with the mind of God therein 
expressed.” 


James Prescott Joule 
(24 December 1818 — II October 1889) 
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Coefficient of area expansion in the x-y plane: f, =a, +@, 


Coefficient of volume expansion: y=a,+a@,+@, 


Elasticity 


The property of a body, by virtue of which it tends to regain its original size 
and shape when deforming forces are removed, is known as elasticity and 
the deformation caused is known as elastic deformation. 


Stress: The restoring force per unit area. 


Strain: Fractional change in dimensions. 
ae . al 
Longitudinal Strain: T 


Shearing strain: Angle through which a hypothetical plane 
perpendicular to deforming force turns. 
Modulus of elasticity: 
It is defined as the ratio of stress to strain. 


Stress 


Young’s Modulus: Y= — : 
Longitudinal strain 


Bulk Modulus: = — Onor 
Volumetric strain 
Shear Modulus: Shear Stress 


- Shearing strain 


Elastic potential energy density: u = 1(stress) (strain) 


Surface Tension 


Free surface of liquids have tendency to shrink. This phenomenon is known 
as surface tension. 


Surface tension ois the work OW required to increase the free surface area 
by os. 


ow 
o=— 
os 


Surface tension gives rise to tangential forces in the surface. On an 
infinitesimal length dl, force dF’ due to surface tension is 


dF = odl 


Surface tension gives rise to pressure difference Ap across the surface of a 


liquid. 
Ap = ol + =] 
i R 


Here rı and rs are radii of two principal curvatures on the surface. 


Viscosity 


Phenomenon of viscosity is the resistance to flow due to friction between 
portions of a liquid having different velocities. 


Newton’s law of viscosity: 


Force F of viscous drag between two layers of a fluid in laminar flow is given 
by the following equation. 


du 
F =-nA— 
a dr 


Here yis coefficient of viscosity, A is the area in contact between the layers 


and du/dr is the velocity gradient across the layers. 
| Multiple Choice Questions | Choice Questions = 


1. Volumes V, and V; of a liquid are maintained in two calorimeters at 
temperatures 0, and @ (@ > 0). Coefficient of volume expansion of the 
liquid is independent of temperature. Now liquids from both the 
calorimeter are poured into another calorimeter of negligible heat 
capacity. Heat loss to the surroundings is strictly restricted. Final 
volume V of the mixture after they are well mixed is best represented 
by the equation 


(a) V =V +V, (b) V >V +V, 
() V <V +V, (d) Insufficient information 


2. Radii of a slightly tapered cylindrical wire of length L at its ends are a 
and b. It is stretched by two forces each of magnitude F applied at its 
ends. The forces are uniformly distributed over the end faces. If Young’s 
modulus of material of the wire is denoted by Y, extension produced is 


AFL FL 
eee fee 
a a(a+b) Y = z(a? +b°)Y 
FL FL 
G ey M 


3. A long capillary tube of radius r is put in contact with surface of a 
perfectly wetting liquid of density p and very low viscosity. What 
maximum height A the liquid can rise inside the capillary? Here height 
is measured above the level of the liquid outside the capillary. Surface 
tension of the liquid and acceleration due to gravity are denoted by o 
and g respectively. 


(a) h= 2 (b) ha 
pgr pgr 
(c) 2e <h< aa. (d) Insufficient information 


pEr pEr 
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Consider two hollow glass spheres; one of them containing water in 
approximately 10% of its volume, and the other containing a similar 
volume of mercury. If the spheres are brought in a zero gravity 
environment of a space-shuttle, what will you observe? 


(a)Water and mercury both float in their spheres as spherical drops. 

(b) Water forms a layer on inner surface of the sphere while mercury 
floats as a spherical drop. 

(c) Mercury forms a layer on inner surface of the sphere while water 
floats as a spherical drop. 

(d)In each case, some amounts of the liquids form layers on inner 
surfaces of the spheres and remaining amounts float as spherical 
drops. 


When two soap bubbles of different radii coalesce, some portions of their 
surfaces make a common surface. At any point on the circumference of 
the common surface, the three surfaces meet at angles a, 2 and y. What 
relation should these angles bear? 


(a) a> B (b) a> p>y 
(c) a=B<y (d)a=p=y 


Air is confined in a thin-walled glass tube with the help of soap films at 
the ends of the tube. These films on both the ends have equal radii of 
curvatures. By some arrangement not shown here, these soap films are 
given different shapes. In the first and the second columns of the 
following table, different shapes of the soap films and possible nature of 
equilibrium of the system are shown respectively. Suggest suitable 
matches. 


You may need the expression V =4zth” (3R-h). Here Vis volume of a 


spherical cap of height h cut from a sphere of radius R. 


Shape of the soap films Nature of equilibria 


(b) (q) Unstable 


(c) (s) Neutral 


(d) (r) Not in equilibrium 


| Build-up your understanding | your understanding e j 


1. 


With the help of some arrangement, different portions of a uniform 
metal rod of length 1.0 m placed on a frictionless horizontal tabletop are 
maintained at different temperatures as shown in the given graph. Here 
A@is deviation in temperature of a point from room temperature and x 
is distance of the point from the left end of the rod. After a steady state 
is established, total extension of the rod is found to be Al. 


(a) Find points on the rod that do not shift. 
(b) Find displacements of both the ends of the rod. 


A steel plate and an aluminium plate each of length l and width b are 
welded on each other to make a composite plate. Thickness of the steel 
plate is t, and that of the aluminium plate is t,. Young’s moduli of steel 
and aluminium are Y, and Y, respectively. Find force constants of the 
composite plate along the x, y and z-axes. 


Consider a real fluid; compressibility of which is # and density at 
atmospheric pressure po is po. 


(a) Express density p of a real fluid as a function of depth A. 
(b) Express pressure p as a function of depth fA in a real fluid that is open 
to the atmosphere. 


A 6.00 cm long capillary of square section is made by a 4.50 mm thick 
glass sheet. How much force is required hold it vertically in equilibrium, 
if one-half of its length is dipped in water? Surface tension of water is 
0.07 N/m, density of water is 1.00 g/cm, density of glass is 2.00 g/cm? 
and acceleration of free fall is 10.00 m/s2. Consider water a perfect 
wetting liquid for glass. 


When a glass capillary of length l = 1.01 m is held vertically, touching 
water surface of a large reservoir at its lower end, water rises in the 
capillary to a height hy = 1.10 cm. If top end of the tube were closed 
before touching the water surface, what would have been height of water 
column in the capillary? Density of water is p= 1000 kg/m3, atmospheric 
pressure is Do = 1.01 x 105 Pa and acceleration due to gravity is g = 10 
m/s2. Consider water a perfect wetting liquid for glass. 


A U tube, vertical arms of which have length / and radii rı and rg (r2 > 
rı), is dipped in water with its open ends down to such an extent that 
the water level in the narrow arm coincides with that of outside the tube. 
Surface tension and density of water are o and prespectively and 
atmospheric pressure is po. Consider volume of the horizontal part 
connecting both the vertical arm to be negligible, find water level in the 
wider arm relative to the water level outside. Assume water a perfect 
wetting liquid for glass. 


Properties of Matter 


4 APC 


Pod 


9.6 Chapter-9 


ao gp Fe 
MA 


Aa | 


10. 


11. 


12. 


13. 


14. 


A film of a soap solution created in a loop formed by a rectangular wire 
frame and an inextensible light thread AB of length l, pulls the thread 
in the shape of a semicircle. If a force F applied at midpoint of the thread 
perpendicular to line segment AB turns the wire into two semicircles as 
shown in the figure, calculate surface tension of the soap solution. 


An amount of water is poured on top circular face of a horizontal glass 
cylinder. Excess amount of water spills over the edges and a little 
amount of water remains there in a thin uniform layer, a portion of 
which is shown in the figure. If contact angle is 0 and surface tension of 
water is o, determine thickness of the water layer left. 


In a zero gravity region, a drop of a liquid of surface tension o assumes 
a cylindrical shape of diameter D between two parallel glass plates that 
are a distance d apart. If curved surface of the drop is at right angles to 
the plates as shown in the figure, find force exerted by the drop on a 
plate. 


A bubble of radius r is made of a soap solution at one end of a long 
capillary tube, other end of which is closed. If the closed end is opened, 
the bubble collapses in a time interval Ato. Making the following 
assumptions, estimate time interval taken by another bubble of radius 
nr made from the same soap solution at the end of the same tube to 
collapse. 


a Air is non-viscous and its flow in the capillary is laminar. 

a The process is slow enough to regard it a quasi-static one and 
disregard effects of viscosity and time required for liquid in the wall 
of the bubble to readjust its shape. 


Two soap bubbles of diameters a and b coalesce to form a larger bubble 
of diameter c. If surface tension of the soap solution used is o, find a 
suitable expression for the atmospheric pressure. 


An amount of heat is slowly supplied to a bubble of radius r made of a 
soap solution of surface tension o. If pressure py outside the bubble 
remains constant, find an expression for the molar specific heat of the 
heating process. Molar specific heat of the gas inside the bubble at 
constant pressure 1s Cp and universal gas constant is R. 


A mercury drop on a clean horizontal glass surface and a water drop on 
a horizontal glass plate coated with a thin layer of talcum powder are 
similar in shape. If it is known that for a particular shape of a drop, 
surface energy of surface tension and the gravitational potential energy 
bear a definite ratio that is independent of the size of the drop, estimate 
the ratio masses of these drops. 


Density of mercury is Pq = 13.60 g/cm’, density of water is pw = 1.00 
g/cm, surface tension of mercury is oy = 0.46 N/m and surface tension 
of water is ow = 0.07 N/m. 


A soap film of thickness A = 1.0 um is formed in a circular wire loop of 
radius r = 5.0 cm. If the soap film is punctured in the center, the hole 
thus made spreads symmetrically. How long will the soap film take to 
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disappear? Assume that thickness of the soap film remains almost 
unchanged during the process. Surface tension and density of the soap 
solution are o= 0.025 N/m and p= 1000 kg/m? respectively. 


15. A balloon filled with helium at the atmospheric pressure po occupying 
volume V, when released rises up and bursts at an altitude where 
atmospheric pressure is 0.5p9. Immediately before bursting, the balloon 
has a volume of 1.25V. If rubber used in making the balloon has mass 
m and density p, find breaking stress of the rubber. Assume the balloon 
always spherical in shape, the density of the rubber constant and 
temperature outside uniform and constant. 


16. An almost inertia-less metal sheet is placed on a horizontal tabletop 
lubricated with oil. The sheet is a square of side length /= 1.0 m and the 
oil layer has thickness h = 1.0 mm. Initially one edge of the sheet 
coincides with one edge of the table. The sheet is pulled outwards 
without rotation with a constant force F = 15 N. If coefficient of viscosity 
of the oil is 7 = 0.2 N-s/m2, how long will it take to pull half of the sheet 
out of the table? 


17. A cylindrical capsule can move inside a long vertical cylindrical tube 
filled with a viscous Newtonian liquid. Diameter of the capsule is 
slightly smaller than the inner diameter of the tube and walls of the 
capsule have negligible thickness. Drag force on the capsule is 
proportional to speed of the capsule. If the capsule is empty, it rises up 
with a uniform velocity vı and if the capsule is completely filled with the 
liquid, it moves down with a uniform velocity vo. 


(a) Find expression of velocity of the capsule if 7 fraction of its volume is 
filled with the liquid. 

(b) How will the above relation change, if the 7 fraction of volume of the 
capsule is filled with another liquid, density of which is k times of 
that of the liquid in the tube? 


x 


Check your understanding 


1. A uniform metal rod of length l stays along the line of greatest slope on 
a roof inclined at an angle @ with the horizontal. Coefficient of friction 
between the sheet and the roof is u (u> tan) and temperature coeffi- 
cient of linear expansion of the material of the rod is a. On a particular 
day, temperature of the environment increases by an amount AT and 
then decreases by the same amount during a span of 24 h. 


(a) How much and in which direction will the upper edge, the mass 
center and the lower edge of the rod shift during the period of 
temperature rise? 

(6) How much and in which direction will the upper edge, the mass 
center and the lower edge of the rod shift during the period of 
temperature fall? 

(c) What is the net shift in location of the rod during the complete cycle 
of temperature rise and fall? 
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Two pieces of equal length of a steel wire cut from a role are used to 
make two helical springs of identical pitch. Diameter of the coils in the 
second spring is double of that in the first spring. Find ratio of 
percentage elongation of the second spring to that of the first spring, if 
they are stretched by equal forces. Shear strain in both the spring 
remain within the elastic limits. 


A uniform wire of length / = 800 m and cross-sectional area S = 1.0 mm2 
is made of a material of density p = 8.0 x 108 kg/m? and Young’s modulus 
Y= 2.0 x 101! N/m2. The wire is placed straight on a frictionless hori- 
zontal floor and an end is pulled by a constant horizontal force F = 1.0 
N uniformly distributed over the face of the end. Find displacement of 
this end in a time interval At = 0.1 s after the force is applied. 


When a glass plate is inserted vertically in water, water rises along the 
plate making its surface close to the plate curved as shown in the figure. 
Find expression for the height to which water rises along the plate. 
Surface tension of water is o, density of water is p and acceleration due 
to gravity is g. 


A film of soap solution of surface tension o is made in a circular wire 
frame of radius r, two diametrically opposite points A and B of which 
are connected by a thin and light elastic cord in relaxed state as shown 
in the figure. Young’s modulus of the material of the cord is Y and area 
of cross-section is S. If the film on one side of the cord is punctured, find 
elongation in the elastic thread. 


If necessary, you may use the relation sin’ 6 ~6++46* with an appro- 


priate degree of accuracy. 


A soap bubble of radius r and wall thickness h is made in vacuum by 
blowing a diatomic gas in it. Surface tension of the soap solution is o 
and density is p. 

(a) Find molar specific heat of the gas in the bubble in terms of molar 
gas constant R. 

(b) Find expression for angular frequency of radial oscillations of small 
amplitudes. Consider that the heat capacity of the soap film 1s much 
greater than that of the gas in the bubble and that thermodynamic 
equilibrium establishes in the bubble in a time that is negligible as 
compared to period of the oscillations. 


A cylinder of length l can move inside a cylindrical pipe of inner radius 
R. If the cylinder is coaxial to the pipe, clearance between the curved 
surface of the cylinder and the inner surface of the pipe is h (h << R). 
Density of the material of the cylinder is p, density of the water is pọ and 
dynamic viscosity of water is 7. 


Assume flow of a liquid in this pipe to be laminar and force of viscous 
friction f on per unit area of the inner surface of the pipe as well as of 
the curved surface of the cylinder to be expressed by the following 
expression. 


Vay 
Cie 
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Here vay is average velocity of the fluid flow in the clearance space. 


(a) The cylinder is held at rest inside the pipe with the help of a thread 
and a liquid is made to flow towards the right at a constant rate. If 
pressures on the flat faces of the cylinder differ by an amount Ap, 
determine tensile force in the thread and volume flow rate of the 
liquid in the pipe. 

(b) The pipe closed at one end and filled with the liquid is placed on a 
table. The cylinder is held at the top coaxially with the pipe and fully 
immersed in the liquid. If the cylinder is denser than the liquid, it 
will start moving downwards after it is released and in a short time 
acquires a steady downwards velocity. Deduce suitable expressions 
for this steady speed of the cylinder. 

(c) If cylinder is lesser dense than the liquid and released from the 
bottom of the pipe, it will move upwards and acquire a steady 
upwards velocity in a short time. Deduce suitable expression for this 
steady speed of the cylinder. 


Challenge your understanding 


1. With the help of some arrangement, different portions of a uniform 
metal rod of length 1.0 m placed on a horizontal tabletop are maintained 
at different temperatures as shown in the given graph. Here A@ is 
deviation in temperature of a point from room temperature and x is 
distance of the point from the left end of the rod. The tabletop is not 
frictionless. After a steady state is established, total extension of the rod 
is found to be Al. Find displacements of both the ends of the rod. 


2. When a soap bubble is left in a room, air molecules diffuse out from the 
bubble. If at an instant, the concentrations of air molecules inside the 
bubble and in room are n; and n, respectively and thickness of the walls 
of the bubble is h, the rate q of diffusion i.e. number of air molecules 
coming out of the bubble per second from a unit surface area is given by 
the following equation. 

n; — n, 
f p| h ) 


Here D is a positive constant. If initial radius of the bubble is rọ and 
initial thickness of the walls of the bubble is ho, find expression for rate 
of change in radius r of the bubble. Atmospheric pressure in the room is 
Po and surface tension of the soap solution is o. Neglect evaporation of 
soap solution and treat air as an ideal gas. 


3. If an elastic film can be modelled as a square grid formed by very small 
springs each of stiffness k, show that the potential energy U of the film 
if stretched uniformly and isotropically can be given by 


U = k( JS - JS ) . Here Sp is the area of unstretched film and S is the 


area of the stretched film. Now such an elastic film is used to fabricate 
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a spherical balloon of radius rp in relaxed state. Find the dependence of 


the air pressure p inside the balloon on its radius r. Assume vacuum 
outside the balloon. 


ANSWERS 
AND HINTS | Multiple Choice Questions | 


1. (a) 3. (co) 5. (d) (b)— p) 
2. (d) 4. (b) 6. (a) > (p) ie 


| Build-up your understanding | your understanding 


l: 


(a) The mass centre and a point 0.2 m to the left 
of the mass centre. 


Mass centre certainly remains immobile. 
In addition, some points may also remain 
immobile, if portion of the rod included between 
them (including the mass centre) consists of 
equal lengths of higher and lower temperature 


a 

2l 
In equilibrium conditions, lateral pull of 
the soap film on the thread due to surface 


tension must everywhere be normal to the 
thread. 


regions. à 2o (1-cos0) 
(b)The right and the left ends, both shift ` pg 
towards the right by amounts 1.5Al and 
0.5Al respectively. 9. an (Inwards) 
b l 
2. 7EY +Y, ) > gér + t,Y,) and The net force between the drop and a glass 
YY plate results from the force of surface tension 
——*-4__ respectively and the force of excess pressure inside the drop. 
GY, +4, 
10. 7" At, 
3. (a) P =p (1+ Bagh) 
ABB 8o(a? +b’ -¢°) 
© p= p+ ph 12E) 11 Cua b 
4. 2,88 x102 N 12. C4 p| — 42 
7 . 3p r+ 80 
5. eh, h pa ) =1.00 mm Apply the first law of thermodynamics on 
ps the gas inside the bubble. 
= 1/2 3/2 
6. 2e(4=4) Below the water level outside 13, ME Pw On 
Peai l My i Pu Ow 


14. r ee = 5.0 ms 
4o 


The hole spreads symmetrically away 
from the centre and in this process the surface 
energy lost by an infinitesimal circular strip 
disappeared is available as kinetic energy. 
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15. 


3n? | 
` 8Fh 


16 5s 


17. (a) V= (1-7)v, =V, 


Poll 


(b) v= (1—kn)v, —knv, 


| Check your understanding | your understanding 


1. (a) Upper edge: 


(u E a up 
2u 


Mass centre: gaT an? down 
2u 
Lower edge: (u+tan®) nL down 
u 
(b) Upper edge: (u+tan a down 
u 
Mass centre: RIAT ae! down 
2u 
Lower edge: (u-tanð) aes up 
2u 
gj A n igi 
u 
Try to find a point on the rod that remains 
immobile. 
2. 4:1 
FN =2.5 mm 
Si pY 
20 (1 -sin 8) 
pg 


r 41/3 
pa ) 
3Y’ S?’ 

In equilibrium conditions, lateral pull of 
the soap film on the thread due to surface 
tension must everywhere be normal, therefore 
after pricking the soap film on any one side of 
the thread, the thread assume shape of an arc of 
a circle. Furthermore, the pull due to surface 
tension is very small as compared to the tension 
force developed in the thread; therefore, the 
radius of arc made by the thread will be much 
larger than the radius of the wire frame. 


6. (@)4R œ) |E 
phr 
3 
7. (a) = mApR? +4) ang x ARR 
R al 
gh’ 
b) = 
oa PCR ah) 
gh’ 


| Challenge your understanding | your understanding 


1. The right end towards the right by 3 Al and the 
left end towards the left by 4AL. 


Net friction force on the rod must be zero. 
In addition, three points on the rod remain 
immobile during the expansion process. 


dr __ 120D r’ 
dt hr; \ 8pyr +80 
The higher air concentration inside the 


bubble causes air molecules to diffuse out of the 
bubble, thus reducing inside air pressure and 
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hence volume of the bubble. Since volume of 
amount of soap solution remains constant, the 
thickness must increase as the size of the bubble 
decreases. 


r=r 
sa 


Consider a square mesh of side l made 
from springs of length a (l >> a). The springs are 
parallel to either x-axis or y-axis of a coordinate 
system. In this mesh (l/a — 1) springs in a line 


along the x-axis are repeated (l/a — 1) times 
similarly (l/a — 1) springs in a line along the y- 
axis are repeated (l/a — 1) times. Therefore total 
number n of springs are 


2 
n=2(4-1| 
a 


For infinitely small springs a — 0, the above 
relation reduces to 


Chapter 


Linear and angular simple harmonic principle, interference of waves, 
motions, wave motion, wavefront and progressive and stationary waves, 
rays, longitudinal and transverse vibrations in strings and air columns, 
waves, wave speed, superposition beats, Doppler’s effect. 


BACK TO BASICS 


Simple Harmonic Motion (SHM) 


If a position coordinate varies sinusoidally with time, it is a linear simple 
harmonic motion and if an angular coordinate varies sinusoidally with time, 
it is an angular simple harmonic motion. 


Linear SHM: x = Asin(at +p) 


Here A is amplitude, wis angular frequency and go is initial phase angle. 


Angular SHM: 6=6, sin(at+4¢,) 


Here ĝm is amplitude, wis angular frequency and ¢o is initial phase angle. 


Wave Motion 


Wave is a disturbance represented by variation in a physical quantity that 
travels through a medium and transfers energy progressively in that 
medium. The disturbance may take the form of an elastic deformation or of 
a variation of pressure, electric or magnetic intensity, electric potential etc. 


“Natural science does not 
simply describe and explain 
nature; it is a part of the 
interplay between nature and 
ourselves.” 


Werner Heisenberg 
(5 December 1901 — | February 1976) 
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Mechanical waves propagate through a material medium (solid, liquid or 
gas) at a wave speed that depends on elasticity and density of that medium. 


Longitudinal waves: 


In a longitudinal wave, particle displacement is parallel to the direction of 
wave propagation. 


Transverse waves: 


In a transverse wave, particle displacement is perpendicular to the direction 
of wave propagation. 


General equation of wave motion in one dimension: 
y=f(x+ut) 


Here y is a measure of the disturbance; x is position coordinate of the 
disturbance at an instant t and v is the wave speed. 


Differential equation of wave motion in one dimension: 
aty_ 18y 
ax” v? At? 

Equation of harmonic waves in one dimension: 
y = Asin(kx + at) 


Here A is amplitude; k is angular wave number and @is angular frequency. 


Superposition of waves: 

When two or more waves interfere, the resulting disturbance at a point can 
be calculated by principle of superposition, which states that the resulting 
disturbance at that point is algebraic sum individual disturbances of all the 
interfering waves. 


Doppler’s effect: 


A stationary source emits wave-fronts that propagate with constant velocity 
with constant separation between them and a stationary observer 
encounters them at regular constant intervals at which they were emitted 
by the source. 


A moving observer will encounter more or lesser number of wavefronts 
depending on whether he is approaching or receding the source. 


A source in motion will emit different wavefronts at different places thus 
alter wavelength i.e. separation between the wavefronts. 


ay 
A & 
| Multiple Choice Questions | Choice Questions 


1. A particle of mass m can move in a force field. Potential energy U varies 
on location of the particle according to the following equation. 


U= -k(x -a) (x ~b) 


Here k, a and b are positive constants. 
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What can you conclude about small amplitude oscillations of the 
particle? 
(a) It can oscillate about a single location with angular frequency 


(b-a)J2k/m. 


(b) It can oscillate about two different locations with angular 


frequency (b-a)Jk/m . 


(c) It can oscillate about a single location with angular frequency 


(b-a)Jk/m . 


(d) It can oscillate about two different locations with angular 


frequency (b—a)/2k/m. 


2. In figure-I, is shown acoustic pressure variation with position in a 
harmonic sound wave travelling in the positive x-direction. Period of the 
sound wave is 8 s. Figure-I was recorded at t = 10 s. In figure-II are 
shown variation in acoustic pressure by two curves recorded at two 
successive instants of time ¢ = t; and then t = t. Both the figures are 


drawn to the same scale. 


Which of the following sets correctly express possible values of the 
instants t, and t,? 

(a)t; =Osandt,=3s (b) tj =11lsandt,=16s 

(c) ti =8sandtz=11s (d)t; =16sandt,=19s 


3. A simple pendulum initially oscillating simple harmonically with 
angular amplitude a and period Tọ is symmetrically confined between 
two rigid fixed planes A and B making angle £ < a with each other as 
shown in the figure. 


(a) If collisions at both the walls are elastic, period is T, (1 -ßl a) : 


(b) If collisions at both the walls are inelastic, period is To. 

(c) If collision at one wall is elastic and at the other is inelastic, the 
period is To. 

(d) If collision at one wall is elastic and at the other is inelastic, the 
period is less then To. 


4. Two identical simple pendulums each of length / are suspended from the 
ceiling. Their bobs each of mass m are connected by a very light relaxed 
elastic cord of force constant k as shown in the figure. If the bobs are 
symmetrically pulled apart slightly and released, what is period of the 
ensuing oscillations? 


wer) odao} 
i (2-4) "O @ (2a OH 


5. Consider a fixed highly evacuated cylinder in a gravity free region. 
Inside the cylinder, a piston of mass M can move without friction. In 
each part of the cylinder, a ball of mass m (m << M) is moving back and 
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forth with very high frequency and in doing so they are colliding 
elastically with the ends of the cylinder and with the piston. When the 
piston is at the centre, it is in equilibrium as shown in the figure. Now 
the piston is shifted slightly towards one of the ends of cylinder with a 
negligible speed and then released. What will happen to the piston? 


(a) It will stay where it is released. 

(b) It will ultimately come at the centre and stop. 

(c) It will start oscillating back and forth simple harmonically. 

(d)It will start oscillating back and forth but not simple harmonically. 


A small bead of mass m can slide on a frictionless fixed ring of radius r. 
With the help of two identical strings of force constant k, the bead is 
connected to two nails A and B each on a diameter at a distance 0.5r 
from centre O of the ring. Relaxed length of each string is negligible as 
compared to the radius of the ring. The bead is given a small velocity at 
point C. What can you predict about subsequent motion of the bead 
before any of the string strikes a nail? 

(a) It will keep moving with its initial speed. 

(b) It will oscillate simple harmonically about the point C. 

(c) Its angular momentum about centre O of the ring is conserved. 

(d) Total elastic potential energy stored in both the strings is 1.25kr?. 


Four tunnels are supposed to be bored through the earth between two 
places on a longitude as shown in the figure. One of them with midpoint 
at A is straight, whereas other three have bent at their midpoints B, C 
and D. Both the bent sections are coplanar. A particle released from one 
end of the tunnels, spends time intervals Ta, Tg, Tc and Tp respectively 
to reach the other end. If the particle passes the bent smoothly without 
a change in speed there, which of the following relations will these time 
intervals bear? 


(a) Ta = Ts = Te = Tp (b) T, = Tc > Tg = Tp 
(c) Ta = To < Tg = Tp (d) Ts < Ta = Te < Tp 


On a windless day, rays of the sound waves emanating from an isotropic 
point source placed close to the ground are shown in the figure. If a 
horizontal wind starts blowing towards the left with a constant and 
uniform velocity, which of the following will best represent pattern of 
the sound rays? 


A a 


Me a 


(d) 


A detector receding from a stationary sound source with a speed that 
increases continuously without a limit. Which of the following 
statements correctly describes frequency of the sound detected by the 


10. 


11. 


detector? Assume that sound waves propagate indefinitely without 
attenuation and the detector does not create any air drag. 


(a) It first decreases, becomes zero and then increases. 

(b) It continuously decreases and eventually no sound is detected. 

(c) It continuously decreases and eventually acquires a small value. 

(d) It first decreases, becomes zero and then increases and eventually no 
sound is detected. 


Three aircrafts A, B and C are flying in a line with the same speed. 
Another aircraft D is flying on another straight line making an acute 
angle with the line of motion of the aircrafts A, B and C as shown. If 
pilots of these aircrafts hear sound of the aircraft D simultaneously, 
what can you conclude about speed of the aircraft D? 


(a) It is possible only when the aircraft D is moving at speed of sound. 

(b) It is possible only when the aircraft D is moving at speed lower than 
speed of sound. 

(c) It is possible only when the aircraft D is moving at speed higher than 
speed of sound. 

(d) The pilots of aircrafts A, B and C cannot hear sound of the aircraft D 
simultaneously. 


When a boat moves on stagnant water with a speed that is greater than 
speed of surface waves on water, the surface waves generated due to 
movement of the boat combine to make a V shape pattern as shown in 
the figure. This pattern is known as bow-waves. Various bow wave 
patterns and velocity profile of water flow are shown in the first and the 
second columns of the following table. Suggest suitable matches. 


Bow-wave Pattern Velocity Profile 


oe _ anes (s) None of the above mentioned 


velocity profiles. 
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A particle of mass m can move along x-axis of a coordinate frame in a 
force field of stationary sources. Potential energy U of system varies 
with position x the particle according to equation U = k|x|, where kis a 
positive constant. If the particle is projected from the origin with a 
kinetic energy K, find period of its bound motion. 


A particle of mass m is connected from the origin O of an inertial frame 
with the help of an elastic cord of force constant k and negligible relaxed 
length. In addition to the elastic force of the cord, a constant force 


F= Fi also acts on the particle. The particle is pulled to an arbitrary 


position (xo, Yo) as shown in the figure and released. Find the positions 
between which the particle oscillates and period of the oscillations. 


A uniform inextensible rope of length / and a light inextensible thread 
are connected at their ends A and B to make a loop. The thread passes 
over a fixed ideal pulley and the rope passes under another fixed ideal 
pulley. The junction B is pulled slightly downwards and then released. 
Find period of the ensuing oscillations. Acceleration of free fall is g. 


A train of length / =900 m running on a horizontal track with its engine 
off starts moving up a hill of uniform inclination 0 = 9.2° to the 
horizontal. If 7 =0.6 fraction of length of the train rises the hill before it 
starts moving back due to gravity, how much time the train spends on 
the hill? Assume all the resistive forces negligible, distribution of mass 
uniform in the train and no impact at the beginning of the 
hill. Acceleration due to gravity is g. Use sin(9.2°) = 0.16 and Vg = z. 


A small disc is projected on a horizontal floor with a speed u. Coefficient 
of friction between the disc and the floor varies according to equation u 
= Uo + kx, where wo and k are positive constants and x is distance 
travelled by the disc. Find distance slid by the disc on the floor. 
Acceleration of free fall is g. 


A small ring is threaded on an inextensible frictionless cord of length 21. 
The ends of the cord are fixed to a horizontal ceiling. In equilibrium, the 
ring is at a depth h below the ceiling. Now the ring is pulled aside by a 
small distance in the vertical plane containing the cord and released. 
Find period of small oscillations of the ring. Acceleration of free fall is g. 


Two identical small discs each of mass m placed on a frictionless 
horizontal floor are connected with the help of a spring of force constant 
k. The discs are also connected with two light rods each of length / that 
are pivoted to a nail driven into the floor as shown in the figure by a top 
view. If period of small oscillations of the system is 27V(m/k), find 
relaxed length of the spring. 


8. 


10. 


11. 
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14. 


A block of mass m, which can slide up and down without rotation 
between two frictionless walls, is suspended with the help of two light 
springs and a light inextensible cord that passes over an ideal pulley as 
shown in the figure. Force constants of the springs are kı and kg. If the 
bar is pulled down slightly and released, it will oscillate up and down. 
Find period of these oscillations. 


When the arrangement shown is in equilibrium, the spring on the right 
is stretched by an amount xo. Coefficient of static friction between the 
blocks is „u and the horizontal floor is frictionless. Both the blocks have 
equal mass m and force constants of the spring are 3k and k as shown 
in the figure. Find the maximum amplitude of oscillations of the blocks 
along the springs that does not allow them to slide on each 
other. Acceleration of free fall is g. 


A uniform rope is suspended from the ceiling with the help of a spring. 
The lower end of the rope is in the air. At what distance from the lower 
end (fraction of the total length of the rope), the rope can be cut so that 
the portion hanging from the spring oscillates remaining straight? 


A uniform rope of linear mass density 4 is suspended from the ceiling 
with the help of a light spring of force constant k. In equilibrium, a 
length lo of the rope is in air and rest in a heap on the floor as shown in 
the figure. Height of the heap is negligible as compared to the length of 
the rope in air. If the rope is pulled down slightly and released, find 
angular frequency of ensuing oscillations of the rope. Acceleration due 
to gravity is g. 


. A platform of mass M mounted on a vertical spring is made to oscillate 


up and down with a period T. The very moment, the platform passes its 
equilibrium position; it collides elastically with a small ball falling from 
a height. Due to the collision, speeds of the platform and the ball remain 
unchanged but their directions are reversed. After the collision, the 
platform moves downwards a distance H then starts moving up and 
again collides with the ball at its equilibrium position. If this process 
repeats indefinitely, find mass of the ball. Acceleration of free fall is g. 


A light platform is affixed on the top of a vertical spring of force constant 
k, lower end of which is affixed on the ground. A small ball of mass m 
falling from a height h above the platform collides with it elastically. 
Find the maximum velocity and maximum acceleration of the ball in 
ensuing oscillatory motion. Acceleration of free fall is g. 


A thin light plate is affixed on the upper end of a spring of force constant 
k, lower end of which is affixed on the ground. An inverted beaker of 
mass M is placed on the plate. A putty blob of mass m is stuck inside the 
beaker at its bottom as shown in the figure. After some time, when the 
adhesion of the putty become too weak to support it, the putty blob falls. 
The putty hits the plate after the plate has completed exactly one 
oscillation and sticks there. If the beaker does not lose contact with the 
plate, find height h of beaker and amplitude A of oscillations of the 
system after the putty sticks to the plate. Acceleration of free fall is g. 
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In the arrangement shown, two blocks of masses m and 2m affixed on 
the ends of springs of force constant 2k and k are held at rest. The other 
ends of the springs are affixed on fixed supports. Relaxed length of each 
spring is l, distance between the supports is 2l, size of the blocks is 
negligible and the floor is frictionless. Initially the blocks are held a 
distance l apart compressing the spring identically. After the blocks are 
released, they rush towards each other, collide head on and stick to each 
other. Find maximum speed of the blocks in the ensuing oscillations. 


A block of mass M can slide without friction on a horizontal frictionless 
floor. A small ball of mass m is suspended by a light inextensible cord of 
length / from a hanger fixed on the top of a vertical pole rigidly mounted 
on the block so that the ball can swing freely in a vertical plane. When 
the block is held fixed, the period of small amplitude oscillations of the 
simple pendulum consisting of the ball and the thread is To. What would 
be period of small amplitude oscillations of the simple pendulum, if the 
block were not held fixed? 


. Three identical blocks A, B and C are placed in a line on a frictionless 


horizontal floor. The blocks A and B are connected with a light spring of 
force constant k and the blocks B and C with a light inextensible cord. 
Initially the system is motionless. The block A is given a velocity u by a 
sharp hit towards the block B. When the blocks B and C collide, a sound 
bang is created. What should the minimum length of the cord be in order 
to create a sound bang of maximum loudness? 


A small ball of mass m is affixed at one end of a light rod of length l, the 
other end of which is hinged to a fixed pivot on a wall. One end of a 
spring of force constant k is attached on the rod at a distance d from the 
hinge and the other end of the spring is attached to a nail on the wall. 
In equilibrium, the rod stays horizontal and angle between the spring 
and the rod is @). If the ball is pulled slightly downwards and released, 
the system begins to oscillate. Find period of these small amplitude 
oscillations. 


In the arrangement shown, a block of mass mo is suspended at one end 
of a light inextensible cord that is wrapped on a light drum of radius r. 
The drum can rotate without friction about a fixed horizontal axle that 
coincides with axis of the drum. A light rod is attached radially with the 
drum and a particle of mass m is affixed at the free end of the rod. 
Distance between the particle and the axle is l. 


(a) Find orientation of the rod when the system is in stable equilibrium. 
(6) Find period of small oscillations about this stable equilibrium. 
Acceleration of free fall is g. 


. One wall of a water tank is inclined at angle @to the horizontal. On this 


wall, a thin square plate of mass m and side / is held with its upper edge 
coinciding with the water level. Coefficient of friction between the plate 
and the wall is u. When the plate is released, it slides down the wall and 
water does not enter between the plate and the wall. How long will the 
plate keep sliding? Neglect viscosity and turbulence in the water. 
Density of water is pọ and acceleration of free fall is g 


21. A glass tube of circular section of area S bent in a shape shown, has one 


bo 


bo 
J 


arm vertical and the other inclined at an angle 8. A light piston that can 
slide without friction in the vertical arm is connected at the lower end 
of a vertical spring of force constant k, the upper end of which is 
connected to a fixed support. When a mass m of a non-viscous liquid of 
density pis poured in the tube, level of liquid in the inclined arm stays 
higher than the piston as shown in the figure. Find period of small 
oscillations of the liquid. There is no friction between the piston and the 
tube and acceleration due to gravity is g. 


.A thin vertical U-tube of very long arms contains some amount of 


mercury. Period of small amplitude oscillations of mercury is T; = 2.0 s. 
If in one arm, a mass m = 100 g of water is added, period of small 
oscillation becomes T, = 3.0 s. Find mass of mercury in the tube. Neglect 
effects of surface tension. 


. A volleyball can be modelled as a non-stretchable but flexible spherical 


envelope of mass m and radius R filled with air at excess pressure Ap. 
The excess pressure remains unchanged with small deformation in the 
volleyball when it is hit or when its strikes some rigid surface. Mass of 
the air inside the volleyball can be neglected. If such a volleyball strikes 
a rigid wall and bounces back without losing speed, how long will the 
ball remain in contact with the wall? 


. A heat-insulating piston of mass m divides a horizontal cylinder into two 


chambers. Area of a circular section of the cylinder is A. Initially when 
the piston is in equilibrium, pressure in both the chambers is p and 
volumes of the chambers are V; and V2. The chambers are maintained 
at temperatures Tı and Tə. The piston is given a small horizontal 
displacement and then released. Find period of its oscillations. 


. Opening of a glass bottle containing an ideal monoatomic gas is tightly 


closed with a cork fitted with a thin frictionless glass tube of cross- 
section area S. Inner volume of the tube is negligibly small as compared 
to volume V of the bottle. A small glass marble of mass m, when dropped 
in the tube, it starts oscillating up and down in the tube without friction. 
The marble exactly fits inside the tube so that there is no leakage of air. 
Denoting atmospheric pressure by po, find expression for period of 
oscillations of the marble. Treat the glass, the cork and the material of 
the marble as perfect insulator of heat. 


. A long uniform helical spring of mass m, length / and force constant k is 


placed straight on a frictionless horizontal floor. One end of the spring 
is tapped sharply producing a compression pulse. Deduce an expression 
to find time taken by this pulse to reach the other end. 


. When a stone is dropped at point A in the water near a bank of a river, 


ripples produced spread in the water. Width of the river is b, water in it 
flows everywhere at a velocity u and velocity of propagation of surface 
wave relative to water is v. How long after the stone was dropped, will 
the ripples reach the point B on the opposite bank in front of A? Consider 
the conditions v > u, v =u and v < u. 
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Ay I 28. Two thin metal rods are arranged in water parallel to each other a 
distance d apart. Speeds c and v of sound in the water and in the rod 
| respectively are not equal. If one of the rods is tapped at point A, find 
the shortest time the sound takes to travel from the point A to a point B 
on the other rod. 


—Q, 


29. Walls, floor and the ceiling of a large hall are covered with a perfect 
sound absorbing coating. A powerful point source that can emit sound 
waves of frequency 2.0 kHz isotropically in all directions is installed at 
a height 5.0 cm above the floor. Speed of sound waves in the air is 340 
m/s. A small but very sensitive microphone is installed at a horizontal 
distance 4.0 m from the source and a height 3 m above the floor. The 
microphone is connected to a very sensitive voltmeter, reading of which 
is proportional to amplitude of sound waves received by the microphone. 
When the sound source is switched on, the voltmeter reads 0.10 V. 


(a) If sound absorbing coating on the floor is completely removed, how 
much will the voltmeter read? 

(b) Now the floor is again covered with some inferior quality of sound 
absorbing material that absorbs 50% of incident sound energy, how 
much will the voltmeter read? 


30. In a cylindrical vessel of radius r water is filled up to some height. A 
small iron ball is dropped at the centre of water surface. A time r after 
the ball is dropped, water surface starts moving up and down with a 
portion having amplitude more than any other place on the surface. 
Explain the reason for this occurrence and find an expression to obtain 
a best approximate value of the speed of the surface waves. 


31. A sound detector is moving with a constant velocity towards a stationary 
sound source. The source emits a beep of sound of frequency vp = 262 Hz 
that propagates with speed c = 330 m/s. The detector detects the beep of 
sound over a distance Ax = 78 m and registers a frequency v= 275 Hz. 
Find duration of the beep emitted by the source. 


Check your understanding 


1. A particle of mass m can move along the x-axis in a force field created 
by stationary sources. Potential energy U of the system varies with 
position coordinate x of the particle in accordance with the equation 


U=kx/ (x? +x?) . Find positions of stable equilibrium of the particle 


and period of small oscillations of the particle about this position. 


2. A simple pendulum consists of a bob of mass m and a thread of length J. 
In an experimental demonstration, your physics teacher pulls the bob 
aside until the thread makes an angle (2/V3 —1) rad with the vertical and 
start pushing the bob towards the equilibrium position. While pushing, 
he continuously applies a force F = mg along the circular path of the bob 
until the thread becomes vertical and thereafter he releases the bob. For 
what length of time did he push the bob? Acceleration of free fall is g. 


Two small balls each of mass m connected by a light rod of length lo are 
suspended by two light inextensible cords of lengths l; and l2. When the 
system is at rest, the cords are vertical. The system is set into small 
amplitude oscillations in the vertical plane containing the rod. Find 
period of these oscillations. Acceleration of free fall is g. 


Three identical elastic cords each of force constant k and almost zero 
relaxed lengths are connected at their one end to a particle of mass m 
and the other ends of the cords are connected to three equally spaced 
points A, B and C on a rigid ring placed on a frictionless tabletop. Mass 
of the ring is 7 = 2 times the mass of the particle. In equilibrium, the 
system stays at rest with the particle at the centre of the ring. 


Now the ring is held and the particle is pulled horizontally to a point P 
at a distance ro from the centre O of the ring and then both of them set 
free simultaneously. 


(a) Find period of the oscillatory motion. 

(b) Assume initial location of the centre of the ring as origin and the line 
OP as the x-axis, express position of particle x, and centre of the ring 
x, as function of time t. 


A block of mass m placed on a frictionless horizontal floor is connected 
with two identical springs each of force constant k. One end of the left 
spring is connected to a fixed support and one end of the right spring is 
free. Initially the block is at rest, the springs are collinear and relaxed. 
If someone begins to pull the free end of the right spring with a constant 
velocity u away from the wall, how far will the block move before it 
acquires a speed equal to u? 


A thin rod of mass m is welded on inner surface of a thin cylindrical shell 
of mass M (M >> m) and radius R parallel to the axis of the cylinder. 
The composite body thus formed is placed on a horizontal floor. When 
disturbed slightly from the equilibrium as shown in the figure, it 
undergoes small amplitude oscillations without sliding on the floor. Find 
period of these oscillations. Acceleration of free fall is g. 


A small disc of mass m is attached to one end of a light inextensible cord, 
which passes through a frictionless hole in a frictionless horizontal 
tabletop. At the other end of the cord is attached a weight of mass M. 
Initially the disc is moving on a circle of radius R with an angular 
velocity æ. If the hanging weight is pulled slightly downwards and then 
released, it will undergo small amplitude oscillations. Find the angular 
frequency of these oscillations. 


Two aircrafts installed with identical pendulum clocks, take off 
simultaneously from an airport in a city X at the equator. Both the 
aircrafts fly in opposite directions over the equator and land at an 
airport in another city Y exactly in 12 hours later according to local time 
of the city X. If the city Y is situated diametrically opposite to the city 
X, find ratio of difference, if any, in the times shown by both the clocks 
to the time taken. Radius of the earth is R, its angular velocity is æ and 
acceleration of free fall at the equator is g. Assume the aircrafts fly at 
constant speeds relative to the earth surface. 
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A uniform cylinder of mass m and area of a circular section s is floating 
partially immersed in a non-viscous liquid of density p occupying some 
volume of a beaker of circular section area S as shown in the figure. The 
beaker rests on a horizontal tabletop. If the cylinder is slightly displaced 
either up or down and then released, it will oscillate. Find angular 
frequency of these small amplitude oscillations of the 
cylinder. Acceleration of free fall is g. 


A vertical tube made of highly conducting material has two portions of 
cross-sectional area A, and A, (Az > Aj). Two pistons connected by a rod 
of length / can slide in these portions without friction. Total mass of the 
pistons and the rod is m. Between the pistons, n moles of an ideal gas is 
trapped. Atmospheric pressure is po, acceleration of free fall is g and 
universal gas constant is R. If the piston-rod assembly is shifted slightly 
from its equilibrium position and then released, it starts oscillating. 
Find angular frequency of these oscillations. 


Two ships are anchored a distance l = 3 km apart in a sea, where seabed 
between the ships is at a uniform depth h = 1.0 km and consists of a flat 
rock. Speed of sound in the air is va = 333 m/s, in the water is vw = 1.5 
km/s and in the rock is v, = 4.5 km/s. If a gun is fired at a ship, in how 
much minimum time will the firing be heard at the other ship? 


. Water is continuously flowing at a speed v = 1.0 m/s in a steel pipeline 


of radius r = 5.0 cm. A valve installed in the pipeline is closed almost 
instantaneously resulting in an abrupt rise in water pressure known as 
hydrodynamic shock. What should the minimum thickness of the pipe 
be in order to provide a safety factor of 7 = 5? Density of water is p = 1.0 
x 108 kg/m?, speed of sound in water c = 1.5 x 10° m/s and tensile 
strength of steel is o, = 0.35 GPa. 


If separation between a source and a detector changes due to relative 
motion between them, the detector detects sound of pitch different from 
that emitted by the source. This observed change in pitch is known as 
Doppler’s shift and the effect is known as Doppler’s effect. Under the 
conditions when Doppler’s shift is observed, intensity of the sound also 
changes. In this task, we study change in intensity of sound detected by 
a detector due to relative motion between a source and a detector. 


A point source is emitting sound isotropically at constant power P and 
the sound travels with velocity c relative to the air. 


(a) A detector is moving with a constant velocity vg towards a stationary 
source in still air. Find suitable expression for intensity J of sound 
received by the detector at a distance r from the source. 

(@b)A point source is moving with a constant velocity v, towards a 
stationary detector in still air. Find suitable expression for intensity 
I of sound received by the detector at a distance r from the source. 

(c) A point source is moving in still air with a constant velocity vs 
towards a detector that is moving with a constant velocity va towards 
the source. Find suitable expression for intensity J of sound received 
by the detector at a distance r from the source. 


Oscillations and Waves 10.13 


Challenge your understanding 


1. Two rubber pads are affixed at the bottom of a box and the assembly 


thus formed is placed on a uniform slope of inclination 0 = 0.5°. 
Coefficient of friction between the slope and the pads is u = 0.60. Two 
electric motors installed in the box can make these pads to move back 


and forth relative to the box simple harmonically in opposite phase 
along the line of fastest descent on the slope. Amplitude of these simple 
harmonic motions is A = 0.25 mm and angular frequency is œ= 72 rad/s. 
Soon after the motors are switched on simultaneously, the box acquires 
a constant velocity down the slope. Find the magnitude of this constant 


velocity. 

2. A block of mass m placed on a horizontal conveyor belt is attached at A z 
one end of a spring of force constant k. The other end of the spring is hnn] 
attached to a support A. Coefficients of static and kinetic friction === === 
between the belt and the block are uw, and 4y (Hs > ux). Initially the belt, 


the block and the support all are moving towards the right with constant 

velocity u and the spring is relaxed. The support is suddenly stopped. 

(a) Explain qualitatively the mechanism of motion of the block after the 
support is stopped. 

(b) Find the maximum and minimum deformations of the spring. 

(c) Find period T of the oscillatory motion of the block. 
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1. © 4. (d) 7. (d) 11. (a)— (q) 

2. (a), (b), (c) and (d) 5. (©) 8. (c) ()> p) 
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Retardation of the train is proportional to 
length of the train on the hill. 
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You may assume that the shift of ring is 
almost horizontal for small amplitude 
oscillations. 
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Less than half. 


82HM 
(2n+1)gT?’ 
Airtime of the ball must be an odd integral 


multiple of the half of the period of the 
oscillations of the platform. 


ü, = Je(2n+ 22 and a, =g p i 
k mg 


Motion of the ball while it is in contact 
with the platform is simple harmonic. Till the 
ball passes the equilibrium position, its speed 
increases and acquires its maximum value at 
the equilibrium position. At the lowest point, 


where n =0, 1, 2.......... 


.h 


mu |M 


. (a) cos™ (2 
ml 


spring-force is more than twice of the weight of 
the ball; therefore, the ball has maximum 
acceleration at the lowest point. 


2 
_ 20° Mg aad A = 22s M 
k k m+M 
ljk 
4Vm 


Both the blocks collide somewhere in the 
left half region. 


pio! = 
m+M 
For small amplitude oscillations, the ball 


can be assumed moving almost horizontally 
without an appreciable loss in accuracy. 


2 \2k 


After the ball A is hit, the motion of the 
balls A and B before B hits C can be conceived 
as superposition of translation of their mass 
centre and oscillations about the mass centre. 


Loudness of the sound bang depends on the 
kinetic energy lost in the collision. More is the 
loss in kinetic energy; louder is the sound bang. 
For this condition to fulfill, the ball B must 
collide with the ball C at the end of the first half 
time period of the oscillations. 
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Retardation of the plate increases linearly 
with its displacement. 
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Since cross-section of the tube is uniform, 
masses of both the liquids are proportional to 
the lengths of the spaces individually occupied 
by them. 


Force of the excess pressure on the flat 
area in contact with the wall makes the ball 
move simple harmonically. 
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. (a) 0.09 V 
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For small amplitude oscillations, both the 
balls have almost equal horizontal shifts. 
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Since angular momentum of the disc is 
conserved; its angular velocity will increase on 
reduction in radius ofits path. The increment in 
angular velocity and decrement in the radius 
are so related that tension force will not be 
sufficient to provide required centripetal accele- 
ration, thus causing the disc to increase radius 
of its path by pulling up the hanging block, 
setting up oscillations in the system in such a 
way that the hanging block starts up and down 
oscillations and the disc radial oscillations. 
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Water level shifts in opposite direction of 
movement of the cylinder. Relation between the 
shift in the water level and displacement of the 
cylinder is governed by constancy of volume of 
the water. 


During the downwards movement of cylinder, 
the immersed length increases and during the 
upward movement of the cylinder it decreases. 
This increment and decrement is the sum of 
magnitudes of the displacements of the cylinder 
and of the water level. 


Dy (A, - A,)+mg 
vnmRT 


The piston-rod assembly oscillates under 
the simultaneous actions of gravity, the force 
applied by atmospheric pressure and the force 
applied by the pressure of the trapped gas. 


lu, + 2h Jv? —v? 
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Sound propagating through water then in 
the rock and again in the water will take 
shortest time. 


mAo0 

Uz 
2u 

Initially velocities of the pads relative to 
the slope are in opposite directions; creating 
frictional forces on them in opposite directions, 
hence no net frictional force. Therefore, the box 
starts moving down due to gravity. 


= 0.4 mm/s 


In each cycle of oscillation of the pads while the 
box is moving down, when velocities of the pads 
relative to the box are smaller than that of the 
box, net friction points up the plane and rest of 
the time net friction is zero. 

Consider the total time interval in a cycle when 
net friction acts up the plane. This total interval 
can be divided into four very small subintervals 


12. 


13. 
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As the valve is closed; water in the pipe 
first stops at the valve, creating there a 
compression pulse that propagates in the water 
away from the valve making flow velocity zero. 
Obviously, this pulse propagates with the speed 
of the sound waves in water. 


P V4 
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Intensity of spherical waves is proport- 
ional to inverse of square of distance from the 
source. In addition to this idea, you have to 
consider that energy emitted by the source 
during a period is received by the detector in a 
smaller period. 


Ẹ V, 
oi ige 


Proceed on similar lines as in the previous 
part, but while using inverse square law, take 
care of the fact that distance between the source 
and the detector is not radius of a wavefront 
received by the detector. 


(i= a maia 
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| Challenge your understanding | your understanding 


spanning symmetrically about the instants of 
reversal of direction of motion of the pads 
relative to the box. This will help you to 
estimate this total time interval, hence net 
impulse of frictional forces in a cycle. When the 
box acquires a constant velocity down the plane, 
in each cycle of vibrations of the pads, total 
impulse of frictional forces, cancel the total 
impulse of component of gravity on the box-pad- 
motor assembly. 


(a) Immediately after the support 1s stopped, the 
belt pulls the block together with it to a 
position xı, where force of limiting friction is 
balanced by the spring force. At this position, 
the friction force decreases abruptly into 
kinetic friction and the block slides further to 


a position Xmax In the positive x-direction due 
to its inertia. Thereafter the block starts 
moving back with acceleration, determined 
by the friction and spring force, to a certain 

position xin. Then again, its direction of 
motion changes, the speed starts to increase 
until it becomes equal to the speed of the belt 
at position x2, and then the process repeats. 


2 X max 


Rv 


During each cycle, the loss of mechanical 
energy of the block because of the sliding 
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friction is compensated by the work of the 
force of static friction. 
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Chapter 


Geometrical optics, rectilinear 
propagation of light, mutual ind- 
ependence of rays, the principle 
of optical reversibility, laws of 
reflection, laws of refraction, refle- 
ction and refraction at spherical 
surfaces, total internal reflection, 


deviation and dispersion of light by 
a prism, thin lenses, combinations 
of mirrors and thin lenses and 
prisms, magnification and magn- 
ifying power, wave nature of light, 
Huygens’s principle, interference 
of light waves. 


BACK TO BASICS 


What is light? 
Light is a form of energy, which produces sensation of sight. 


We treat light as a ray while studying its interactions with moderate size 
objects (much larger than wavelength of light), as electromagnetic wave 
while studying its interactions with small size objects (comparable to 
wavelength of light) and as photon while studying its interactions with 
subatomic particle (much smaller than the wavelength of light). 


Optics: 
Optics is the study of properties and nature of light and vision. 


Geometrical Optics: 


In geometrical optics, the basic concept is the ray, which depicts the path of 
light propagation. 


“All truths are easy to 
understand once they are 
discovered; the point is to 
discover them.” 


Galileo Galilei 
(15 February 1564 — 8 January 1642) 
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Incident 
Ray 


The Normal 


7 Reflected 
ê A Ray 


Geometrical optics deals with phenomenon like shadow formation and 
image formation due to reflection and refraction. 


Fundamental laws of Geometrical Optics: 
Geometrical optics is based on the following five laws. 
= Rectilinear propagation of light. 
= Mutual independence of rays 
= The principle of optical reversibility. 
=" Laws of reflection. 


=" Laws of refraction. 


Rectilinear propagation of light: 
In a homogeneous isotropic medium light travels on a straight-line path. 


Rectilinear propagation explains shadow formation, eclipses of the sun and 
the moon, image formation by a pinhole camera etc. 


Mutual independence of rays: 
Light rays do not disturb each other upon intersection. 


The principle of optical reversibility: 
Light rays retrace their path after their direction is reversed. 


Laws of reflection: 
The angle of incidence equals the angle of reflection. 


The incident ray, the reflected ray and the normal to the surface at the point 
of incidence all remain in the same plane called the plane of incidence. 


Laws of reflection in vector notations 


ê =6,-2(6,-6, )é, 


F L 


Laws of refraction: 


When a ray of light passes from a medium 1 to a medium 2, the angles 6, 
and @ that it makes at the point of incidence with the normal to the 
interface of the mediums bear the following relation, known as Snell’s law. 


44 sin 0, = 4, sin 0, 
Here zy, and 4 are the respective refractive indices of the mediums. 


Refractive index of a medium is defined as the ratio of speed c of light in 
vacuum and speed v of light in the medium. 


c 
H=— 
U 


If the mediums are isotropic, the rays in the two mediums are in the same 
plane with the normal and lie on opposite sides of the normal. 


Total internal reflection: 

When a light ray in a medium of higher refractive index encounters a 
medium of lower refractive index, the ray will be totally reflected back, if its 
angle of incidence exceeds the critical angle @ given by the following 
equation. 


0, = sinf HRarer 
HbDenser 
Spherical mirrors: 
Under paraxial rays approximations, the mirror equation relates object 
distance x, image distance x; with radius of curvature R or focal length f. 
i i 2i 
x x R f 
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Paraxial rays make very small angles with the optical axis and lie close to 
the optical axis throughout their length. For these rays, spherical 
aberration is minimal and a sharp image is obtained. 


Refraction at spherical surfaces: 
Under paraxial rays approximations, object distance x,, image distance xj, 
radius of curvature R and refractive indices 4, and se of the mediums 


containing the incident and the refracted ray respectively bear the following 
relation. 


H hy Th 
x, x R 
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Lens: 


A transparent medium bounded by two refracting surfaces of which at least 
one must be spherical. 


Thin and thick lens: 


In thin lenses, the distance between the two refracting surfaces is negligible 
in comparison to their radii of curvatures; and in thick lenses, this distance 
is not negligible. 


Lens maker’s formula: 


Under paraxial rays approximations, focal length of a thin lens is given by 
the following equation. 


vo 
f Hs R R, 


Here R; and R; are radii of curvatures of the refracting surfaces of the lens, 
44 is refractive index of material of the lens and y, 1s refractive index of the 
surrounding medium. 


Thin lens equation: 


Under paraxial rays approximations, the thin lens equation relates object 
distance x, and image distance x; with focal length f. 


Transverse magnification: 
It is the ratio of the height y; of the image to the height y, of the object. 
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Wave Optics: 
In wave optics, light is treated as transverse electromagnetic wave. 


Wave optics deals with phenomenon like interference, diffraction, 
polarization etc. 


Huygens’s principle: 


Each point on a propagating wavefront serves as a source of spherical 
secondary wavelets. An envelope of all these wavelets is the wavefront at 
some later instant of time. 


Fresnel and Kirchhoff later modified the Huygens’s principle by discarding 
physical existence of backward moving wavefronts. 


Multiple Choice Questions 


1. When the Sun is behind dark clouds and there are gaps in the clouds, 
you will often see sunlight "fanning" out from the gaps as shown in the 
given photograph. 

Though the rays are closely parallel but we see them diverging as they 
approach the earth. Which of the following statements most suitably 
explains this effect? 


(a) Distant objects appear smaller than nearer objects. 

(b) Sunrays are actually radiated from the sun radially. 

(c) Light bends at sharp corners of opaque object that it encounters. 

(d)The gaps work as light sources at finite distance hence radiate 
diverging light. 


2. Bodies that can be impregnated with water, colours of their surface 
appear richer after moistening. Which of the following is the most 
appropriate reason for this effect? 


(a) Due to moistening, surface irregularities are covered with water film, 
which reduces diffused reflection of light. 

(b) Due to moistening, surface irregularities are covered with water film, 
which reduces amount of reflected light. 

(c) Due to moistening, surface irregularities are covered with water film, 
which increases amount of reflected light. 


An arrow object is viewed through a bent metal tube with the help of 
four plane mirrors A, B, C and D as shown in the figure. Every mirror 
is inclined at an angle of 45° with the horizontal. Which of the following 
represents correct images made by these mirrors in sequence? 


alem] o—-{[—f 
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While fishing from a dock, you see a fish in the water. For this, you can 
use either a bow and arrow, or a laser gun. Which of the following 
strategy you must follow? 


(a) Aim the arrow as well as the laser gun both at the fish. 

(b) Aim the arrow below the fish and the laser gun at the fish. 

(c) Aim the arrow below the fish and the laser gun above the fish. 
(d) Aim the arrow above the fish and the laser gun below the fish. 


Light travelling through three transparent substances follows a path 
shown in the figure. Arrange their indices of refraction in order from 
smallest to largest. 


(a) Ms < Lh < My (c) Neither of the above is possible. 
(b) L < 4} < 4 (d) More information is required. 


A lens held above a coin placed on a table forms an image of the coin. 
After the lens is moved vertically a distance equal to its focal length, it 
forms another image of the coin equal in size to the previous image. If 
diameter of the coin is 2.0 cm, what is the diameter of the image? 


(a) 3.0 cm. (b) 4.0 cm 
(c) 5.0 cm (d) 6.0 cm 


A converging lens of focal length f is used to cast an image of an object 
as shown in the figure. The upper half of the lens is now covered by an 
opaque coating. Which of the following statements is most appropriate? 


(a) Upper half of the image is brighter than its lower half. 

(b) Lower half of the image is brighter than its upper half. 

(c) Entire portion of the image appears with uniformly reduced 
brightness. 

(d) Entire portion of the image appears with reduced brightness but to 
predict intensity distribution more information is required. 


It is a common belief that reading in reasonably bright light is more 
comfortable than reading in dim light. Which of the following is the most 
appropriate reason for this effect? 


(a) Contraction of ciliary muscles reduces astigmatism. 

(b) Contraction of pupil in bright light reduces spherical aberration. 

(c) In bright light image formed on retina has more intensity than that 
in dim light. 

(d)This is purely a psychological effect; bright light merely stimulates 
some more visual neurons that are normally dormant. 
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Refractive indices of two varieties of glass A and B depend on 
wavelength 4 of light according to the following equations. 


Ha = Hy — By (4-4) and 4g = [yy — By(A-Ay) 


Here 2o is wavelength of yellow light. An achromatic combination of 
lenses is made from these materials. Radii of curvature of two outer 
surface of this combination are rı and rə. Which of the following is a 
correct expression for radius of curvature of the common surface? 


nh (B, — Bs) nh, (Bs =f) T nh (ao = pina) 


ie By —7, By ve By —T Bp lao T Heo 
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In the middle of a calm lake, a radio receiver is installed on a pole at a 
height 4.0 m above water level. The receiver is used to track radio 
signals from a satellite orbiting the earth. As the satellite rises above 
the horizon, intensity of the signals at the receiver varies periodically. 
It is maximum, when the satellite is 3° above the horizon and then again 
when the satellite is 6° above the horizon. Wavelength of the satellite 
signals is closest to 

(a) 24 cm (b) 36 cm 

(c) 42 cm (d) 48 cm 


While travelling by a train or by a bus, if we look outside, we observe 
some effects. These effects and some facts possibly explaining these 
effects are given in the first and the second columns of the following 
table. Suggest suitable matches. 


Column I Column II 
(a) Nearby objects appear moving (p) Human eye senses the direction 
past faster than distant objects. from which light enters it. 
(b) Extremely distant objects appe- (q) It cannot resolve two points if 
ar moving along with us. they subtend an angle less than 
one minute 
(r) Persistence of eye is 0.1 s. 


Questions 12 to 14 are based on the following write-up. 


Consider the setup shown in the figure, which uses a right-angled prism 
to transmit a horizontal incident ray. This device is known as 
anamorphic de-magnifier. During its passage through the prism, the ray 
experiences total internal reflection (TIR) twice and then exits as shown 
in the figure. The prism is made from a glass of refractive index yu. 


If the emerging ray propagates horizontally, which of the following is a 
correct expression for refractive index 1? 


sind sin 
a = b = 
(H sin 30 Ou cos 30 
cos cos 
(c) u= (d) u= 


~ sin88 ~ cos30 
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Range of values of tip angle 0 for the device to work as anamorphic de- 
magnifier is 


(a) 5008" (+) <0< ssi (+) (b) Zein? (+) <O0< 500s" (+) 
H H {l u 
(c) ae (+) <0< lo (+) (d) los’ (+) <0< ae (+) 


Ratio of height of the incoming ray from the base of the prism to that of 
the emerging ray is defined as the vertical de-magnification ratio. Which 
of the following is a correct expression for the vertical de-magnification 
ratio? 


sin cos0 
a b 
(a) sin 30 (o cos 30 
24 H 
Cc d 
©) l+yu (2) 1+2u 


Questions 15 to 17 are based on the following write-up. 

If Snell’s law is found valid for two mediums, whose refractive indices 
have opposite signs, the incident and the refracted rays must remain on 
the same side of the normal at the point of incidence. In the figure is 
shown a ray crossing the interface between two mediums I and II. The 
ray makes angles 0, and @ with normal in the medium-I and II. The 
refractive indices of the mediums ¿4 and 4 have opposite signs. 


Snell’s law is expressed for the above situation as usual by the equation 
44 sin, = 4 sin 0, . Therefore, to satisfy this equation, the angles 0, and 


@ must also have opposite signs. 


A self-luminous point object placed at a distance x, from a slab of 
transparent material of negative refractive index is viewed through the 
slab as shown in the figure. Thickness of the slab is d, refractive index 
of material of the slab with respect to the outside medium is u=- 1. 
For different moduli of values of x, and d the observer may find real or 
virtual image of the object. Which of the following statements is true? 
(a) If x, > d, image is virtual and for x, < d image is real. 

(b) If x, < d, image is virtual and for x, > d image is real. 

(c) If x, < d, image is virtual and for x, > d image is real. 

(d) If x, > d, image is virtual and for x, < d image is real. 


Suppose a virtual object instead of a real object is at a distance x, from 
the surface A of the slab. Now which of the following statements is true? 


(a) For the cases x, < d and x, > d areal and erect image is formed outside 
the slab. 

(b) For the cases x, < d and x, > d a real and inverted image is formed 
outside the slab. 

(c) If x, < d a real image is formed outside the slab and for x, > d a virtual 
image is formed inside the slab. 

(d)If x, <d areal image is formed and for x, > d a virtual image is formed 
and in both the cases the image is outside the slab. 
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17. Distances x, and x; of the object and the final image are measured from 
the face A of the slab. The Cartesian sign conventions are also followed. 
Which one of the following graphs correctly represents relationship 
between x, as abscissa and x; as ordinate? 


4d 4d 


Build-up your understanding 


1. A pin hole-camera of adjustable length (hole to screen distance), placed 
10 m away from a pole casts image of the pole. If it is shifted 1.0 m 
farther, find percentage change in its length required to keep the size of 
image unchanged. 


eee 2. A globe of radius r = 10 cm is placed on a circular plane mirror touching 
ie A centre of the mirror with its south pole. Find the minimum radius of the 
Siar mirror so that image of the latitude 0= 37° N be visible in the mirror. 


8. A plane mirror with its bottom edge on the floor is tilted at an angle 0 
to the vertical (see figure). A boy whose eyes are at a height h above the 
floor is standing in front of the mirror. At what minimum distance from 
the mirror should the boy be to see his full image in the mirror? 


4. One night, a boy of height h = 1.8 m is standing on the bank of a straight 
canal, on the other bank of which a lamp is installed at a height H = 5.4 
m on a pole. There are no ripples on the water surface so light emanated 
from the lamp, appears as a flare (bright spot) after reflection from the 
water surface. When the boy starts walking along the bank, the flare 
appears to him moving at a constant speed u = 2.4 m/s relative to the 
ground. Find speed of the boy. 


10. 


11. 


One end of a cylindrical tube of length l and radius r is covered with an 
opaque disc having a small hole in the centre and a point light source S 
is placed at centre of the other end. Inner surface of tube is perfectly 
reflecting. A white screen is placed normal to the axis of the tube at a 
distance L from the end covered with the disc as shown in the figure. 
After the source is switched on, what kind of pattern of light 
distribution, will you obtain on the screen? 


In free space, a particle is projected from a point P on axis of a fixed rigid 
cone AOB, at an angle a = 37° with the axis (see figure). Distance of 
point P from the apex O is x = 10 cm and the apex angle of the cone is 8 
= 20°. All the collisions of the ball with the cone are perfectly elastic. 


(a) Find the distance of closest approach of the ball from the apex. 
(b) How many times will the ball collide with the cone? 


Parallel beam of light incident normally on a wall illuminates a round 
spot of radius 4.0 cm on it. When a ball, surface of which is mirrored is 
placed with its centre on the axis of the beam and at a distance of 11 cm 
from the wall, a large part of the wall is illuminated, but at the centre a 
circular shadow of radius 52 cm is formed. Find radius of the ball. 


If a cylindrical container filled with mercury is rotated with an angular 
velocity w about its vertical axis of symmetry, the mercury-air interface 
takes shape of a paraboloid of revolution. If this surface is used as a 
mirror, where should a photo film be placed to get a clear picture of a 
distant star? Acceleration of free fall is g. 


A wide homogeneous beam of light falls on a concave spherical mirror of 
radius R parallel to the optical axis. A small opaque disc of radius r (r 
<< R) made of a perfectly heat insulating material is placed at a distance 
R/4 from the pole of the mirror perpendicular to the optical axis. In 
steady state, both the surfaces of the disc acquire different temperatures 
slightly higher than the surroundings. Find the ratio AT /AT;, where 
AT, and AT, are the temperature differences of the left and the right 
surfaces of the disc and the surroundings. 


If energy reflection coefficient is the same whether light is reflected from 
glass back into air or from air back into glass and has a value r = 0.25. 
If a narrow beam of light falls obliquely on a large thin glass plate, what 
fraction of the light energy will be transmitted through the plate? 


A research submarine has a circular glass window in its bottom to 
observe the seabed. Radius of the window is r = 30 cm, thickness of the 
glass is t = 20 mm, refractive index of water is 4w = 1.25 and that of the 
glass 1s 4 = 1.5. If the seabed is d = 6.0 m beneath the window, estimate 
radius of portion of the seabed visible through the window. 


. A homogeneous glass cone of half angle 30° is placed inverted on a disc 


so that its axis is vertical. Radius of the disc is 4.0 cm and the tip of the 
cone coincides with the centre of the disc. What is the radius of the disc 
visible through the circular base of the cone from a large height? 
Refractive index of the glass of the cone is 1.5. 
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Refractive index of air depends on temperature and pressure. Within 
few metres of height difference near the ground, air pressure remains 
almost uniform but air temperature changes by appreciable amount. 
Suppose under such conditions, the refractive index wu depends only on 
the temperature, and this dependence has the form 


a 
=]+— 
Hoep 


Here a is a constant, value of which at normal pressure is 1/6 K. 


The sun heats up the air above a road and simultaneous random small 
movements of air make the dry asphalt appear like a puddle. This 
phenomenon is called mirage. Suppose that in a thin layer immediately 
above the road, temperature of air is AT = 20 K more than temperature 
Tọ = 300 K of the air elsewhere. From what minimum horizontal 
distance x an observer of height h = 1.75 m can see a puddle on the road. 
Also plot a rough graph for relation x(AT). 


A steel wire is coaxially embedded in a glass tube, external diameter of 
which is much greater than that of the wire. Refractive index of the glass 
is 4/3. If diameter of the steel wire appears 8/3 mm when looked into the 
glass tube through its curved surface, find the actual diameter of the 
steel wire? 


. An isotropic point light source is placed inside a homogeneous sphere of 


radius R at a distance r from the centre. What should the value of 
refractive index of the material of the sphere be so that all the light 
emitted by the source comes out of the sphere? 


A spider is hanging above the north pole of a transparent globe of 
diameter d at a distance d/V3 from the centre of the globe. Refractive 
index of the material of the globe is 4 = 2. Between which latitudes a fly 
can sit on the globe so that it cannot be seen by the spider. Treat the 
spider and the fly both as point objects. 


A capillary of outer radius r, made of a glass of refractive index wis filled 
with a liquid of refractive index 44 (44 < 4). What should the minimum 
internal radius of the capillary be so that all the light incident on the 
capillary enter the liquid? 


A narrow parallel beam of light when incident normally on a screen, 
makes a light spot of radius r, = 0.5 cm on the screen. Now a transparent 
sphere of radius r, = 20.0 cm made from a material of refractive index u 
= 2.0 is introduced with its centre on the axis of the beam. If centre of 
the sphere is at a distance l = 100 cm from the screen, what would be 
radius R of the light spot? 


Two thin rods AB and CD welded on each other make a frame that is 
shown on a graph paper. This frame is placed in front of a converging 
lens of focal length 10 cm with the arm AB coinciding with the optical 
axis of the lens. By shifting the frame on the optical axis, if an image of 
exactly the same size as that of the frame can be obtained, find length 
of the rod AB. 
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20. A high-speed movie camera is being used to shoot an oscillating simple 
pendulum at a speed n = 24 frames per second and takes N = 48 frames 
to shoot one complete oscillation. Focal length of the lens of the camera 
is f= 50 mm and length of the pendulum in the image on the film is / = 
10 mm. Find distance of the pendulum from the camera lens. You may 
use Z =g. 


21. In the arrangement shown, S; and S, are two point light sources placed L 
on the optical axis PA of a lens L of unknown nature and I, is the image 
of the source §;. Distances Sl, IS; and S,O are equal. Draw a ray O 
diagram to obtain image of the source S and with the help of this | 
diagram determine location of the image. . 


1 
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22.In a setup of displacement method experiment, distance between the 
screen and a light source is 120 cm and the lens used has a small 
aperture. By moving the lens between the source and the screen, sharp 
images are obtained on the screen for two different positions of the lens. 
The ratio of sizes of these two images is 1:9. 


(a) What is the focal length of the lens? 
(6b) Which image is the brighter one? Determine the ratio of the 
brightness of these two images. 


23. A thin glass lens is fixed in the wall of an aquarium filled with water. A 
real inverted image of an object that is in the air at a distance a from 
the lens is obtained in the aquarium at a distance b. Where will the 
image of an object be formed, if the object is located in the aquarium at 
a distance a; (a; > b) from the lens? Refractive index of water with 
respect to air is n. 


24. A point light source S moves on a circular path, centre of which is on one 
of the foci F of a thin converging lens of focal length f. Radius of the 
circular path is r = f/2 and its plane is perpendicular to the plane of the „5 
lens. In the coordinate system shown, find position coordinates of the f A 
image of source in terms of the focal length f and the angular position 0 NE y 
of the source. Also, plot the locus of the image. 


25. A thin converging lens of focal length f makes image of a moving point 
source of light. When the source is crossing the optical axis of the lens, 
its velocity vector makes an angle a@ with the optical axis and velocity 
vector of the image makes an angle 2 with the optical axis. At what 
distance from the lens, does the source cross the optical axis? 


26. A converging lens of focal length fis placed in front of and parallel to a 
plane mirror. An object is placed on the optical axis of the lens on the 
segment not included between the lens and the mirror. What should be 
the distance between the lens and the mirror so that final magnification 
is independent of the distance of the object from the lens? 


27. Two converging lenses of focal lengths fı and fọ are placed with their 
optical axes coinciding. This lens system is used to form image of an 
object. If it is found that size of the image does not depend on distance 
between the first lens and the object, find the distance between the 
lenses. 
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. A composite lens is placed coaxially in the path of a cylindrical light 


beam of diameter 5 cm as shown in the figure. The composite lens is 
made by gluing two plano-convex lenses. Diameters of the first and 
second lens are 1.0 cm and 5.0 cm and their focal lengths are 10 cm and 
20 cm respectively. Where to the right of the lens a screen should be 
placed to obtain a light spot of smallest diameter on it? 


. Due to manufacturing defect, plane surface of a thin plano-convex lens 


has been made tilted at a small angle a outwards from its usual place. 
The spherical surface has radius R and refractive index of the glass used 
is uw. A parallel beam of light is incident as shown in the figure. Will this 
defective lens focus the beam and if so, find coordinates of the focus? 


A transparent rectangular slab of length l = 20 cm and thickness d = 4.0 
cm is placed in front of a converging lens of focal length f = 20 cm. A 
screen S is placed in the focal plane of the lens. Refractive index of the 
material of the slab increases linearly from 4w = 1.5 at the bottom face 
by an amount ôx = 2.0 x 104 between the bottom and the top faces. A 
parallel beam is made to incident on the slab as shown in the figure. 
What kind of light pattern appears on the screen? 


Refractive index of a material can be adjusted by diffusing impurities; 
moreover, by adjusting concentration distribution of diffused impurities, 
a specimen of any desired gradient of refractive index can be obtained. 
Consider a thin disc of uniform thickness d made of a transparent 
material, refractive index of which is made to vary with distance r from 
its centre by suitable diffusion of impurities. If a parallel beam of light 
incident normally on the disc, converges at a distance f (f >> r) after 
passing through the disc, find suitable expression for radial variation of 
its refractive index u. Assume refractive index at the centre of the disc 
to be 4o. 


. Two identical beams A and B of plane coherent waves of the same 


intensity and wavelength 4 fall on a plane screen. The directions of the 
beam propagations make angles 6, and @ with the normal to the screen 
and lie in the same plane as shown in the figure. Find distance between 
adjacent interference fringes on the screen. 


In front of a screen, two opaque cardboards are placed parallel to the 
screen. Distance between the cardboards is D; and distance between the 
middle cardboard and the screen is Də. Two narrow parallel slits 
equidistant from the line of symmetry of the setup are cut on each of the 
cardboard. Distances between the slits in the first and the second 
cardboards are d; and dz as shown in the figure. A plane monochromatic 
light wave of wavelength 4 is incident normally on the first set of slits. 


Denoting intensity of central maxima by Jp, find intensity distribution 
of light on the screen as a function of the coordinate y that is distance 
from the line of symmetry of the setup to a point on the screen at which 
intensity is sought. 


A liquid of refractive index wis poured on a large horizontal clear glass 
plate to make a thin layer of it. When a broad light beam is projected on 
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the liquid layer at an angle @ with the vertical, an interference pattern 
is obtained. Due to evaporation, thickness of the liquid layer decreases 
making changes in the interference pattern. If in a time interval At, 
intensity of reflected light at a point decreases from a maxima to a 
minima and then increases to a maxima, find suitable expression for the 
time rate at which thickness of the liquid layer decreases. 


z 


Check your understanding 


1. A three-blade fan, rotating at frequency no = 20 Hz is illuminated by a 
flashing light of a stroboscope. Flash rate i.e. number of flashes per 
second, is an integer from 2 to 200. Assume persistence of human vision 
to be 1/16 s. Find flash rates for the following conditions. 


(a)The fan appears stationary having three blades. 

(b) The fan appears stationary having six blades. 

(c) The fan appears rotating in the opposite direction with a frequency 
n = 4 Hz. 


2. One night, a boy of height h is walking at a constant speed vo along the 
edge of a straight horizontal sidewalk moves past a lamppost. The 
lamppost is at a distance l, from the edge of the sidewalk and lamp 
installed on it is at a height H above the ground. As the boy walks, 
position and size of his shadow on the ground continuously change. 


(a) Find velocity vector of shadow of his head. 
(b) Find time rate of change in length of his shadow as a function of 
position (x, y) of the boy. 


3. A glass plate has cross-section in the shape of an isosceles trapezium. 
The top and the bottom slant faces make very small angle £ << 1° from 
each other. These surfaces are made reflecting from inside. The 
refractive index of the glass is uw. Find range of values of angle of 
incidence @ at the central plane so that an incident ray of light will pass 
through the plate. 


4. A silvered ball of radius r = 5.0 cm is so suspended that its centre is h = 
1.0 m above the floor and sọ = 2.0 m horizontally away from a person of 
height hyp = 2.0 m. There is also a large plane mirror, which stands 
vertically at some distance from the person. If the person sees his image 
in the ball as small as he sees his image in the plane mirror, how far is 
the plane mirror from the person? 


5. Signals in form of light pulses are fed at one end of an optical fibre of a 
circular cross-section of radius r. All the rays from the source lie within s{ E 
a cone of half angle 0 measured from the axis of the optical fibre. The 
refractive index of the material of the fibre is u. A light pulse lasts for a 
duration rand two pulses are separated by a time interval At from each 
other. What can be the maximum length of the fibre so that the output Light Pulses 
pulses are still distinguishable? 


T— >< At > 
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10. 


11. 


13. 


A monochromatic light beam is incident on a glass prism, cross section 
of which is a regular hexagon. Width of the beam is so adjusted that it 
falls up to middle of two adjacent sides of the prism as shown. For what 
refractive index of glass, two separate parallel beams emerge out. 


A transparent cylinder of radius R and height H made from a material 
of refractive index „u = 1.5 is placed on a horizontal tabletop and a point 
light source is placed at a height h above the centre of top circular face 
of the cylinder. Find unilluminated area on the tabletop outside the 
cylinder. 


Refractive index uw of atmosphere around a planet varies with altitude h 
according to equation w= 4h — kh . Here zp and k are positive constants. 


Denoting radius of the planet by R, find the altitude at which a point 
flash of light spreads around the planet in a spherical layer concentric 
with the planet in addition to other directions. 


Two point sources of light a distance 24 cm apart are placed near a 
converging lens in the plane containing the optical axis of the lens and 
a diameter of the lens. In the given figure locations of the sources and 
their images are shown by four dots. Three dots are on vertices of an 
equilateral triangle and the fourth dot is on the centroid of this triangle. 
Find the focal length of the lens. 


Two converging lenses of focal lengths fı = 20 cm and f = 10 cm are 
placed with their optical axes coinciding. A rectangle of sides a; = 1 mm 
and bı = 2 mm is placed in front of the first lens with its side a, on the 
common optical axis of the lenses. If the image formed by this system of 
lenses is real and also a rectangle, find distance l between the lenses 
and sides az and bz of the image. 


Lenses A and B of focal lengths 7.5 cm and 20 cm respectively are placed 
at distances 15 cm and 60 cm from a point source of light S. The source 
is on the common principal axis of the lenses. Aperture radii of the 
lenses are 2.0 cm and 10 cm respectively. If a screen is placed behind 
the lens B, a circular light spot will be obtained on it. At what distance 
from lens B should the screen be placed so that light spot on it has 
minimum radius? Also, find the radius of this spot. 


. A point light source is located at a distance L from a screen. A thin 


converging lens of focal length f > L/4 and aperture radius R, held 
parallel to the screen makes a circular spot of light on the screen. If lens 
is moved from the source towards the screen, size of the spot varies. Find 
the radius of the smallest light spot, which can be obtained in this way 
on the screen. 


A thin plano-convex lens is partially immersed in water with its curved 
side up. Thickness of the lens in the middle is H. Aperture of the lens is 
horizontal as shown in the figure. Refractive index of water is 4. If there 
is no reflection at any surface and no absorption in any medium, we 
obtain two equally bright images at depths d and D (D > d). Find 
expressions for radius of curvature of the curved surface, refractive 
index yu of material of lens and depth h of the lens immersed in water. 
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14. A person wearing glasses sees two images of a flower that is 5.0 m 
behind him. One of these images appears 5.0 m in front of him and the 
other 0.714 m in front of him. When he turns around and looks directly 
at the flower, still wearing the glasses, the flower appears 2.5 m in front 
of him. Find refractive index of material of the glasses. 


15. Two broad monochromatic beams A and B of plane coherent waves of ~~ 
the same intensity and wavelength / propagating at angle 0 from each B 
other, simultaneously illuminate a cylindrical screen. Directions of =Z er ` 
propagation of both the beams are perpendicular to the axis of the == ` 
screen. Consider a point P on the screen at angular position ¢ from the P 
direction of propagation of the beam A as shown in the figure. Find 
distance between adjacent interference fringes on the screen near the 


point P. Assume that the distance between adjacent fringes is much less 
than the radius of the cylinder. 


16. Spherical waves emanated from an isotropic point source of light located 
at a distance / from a plane screen and a broad parallel beam of light 
emanated from an extended source simultaneously illuminate the 1 
the sources are coherent, emit monochromatic light of wavelength 4 and | 
B 


screen. The parallel beam falls on the screen at normal incidence. Both 
the point source is in phase with a wavefront of parallel beam at its 
location. 

(a) What kind of interference pattern is obtained on the screen? 


(b) Find expression for the spacing between the ntb and the (n — 1)t® 
bright fringe. 


17. Two incoherent line sources S; and S each emitting monochromatic 
light of wavelength 4 are placed symmetrically in front of an opaque A 
screen A containing two symmetrically positioned slits. In front of | 
screen A another white screen B is placed as shown schematically in the Aly 
figure. Distance between the sources is l and that between the slits is d. - d 
Distance between the sources and the screen A as well as that between 4 4 i 
screens A and B is D. The distance D is much larger than the distances So 
l and d. For what values of the distance l between the sources, no | 
stationary interference pattern will be observed on the screen B? ok 


Challenge your understanding 


1. A cylindrical rod made of some unknown glass is placed on a ruled white 
paper of a common exercise book. If axis of the rod makes an angle 0 
with the ruled lines, the lines will appear broken and tilted at some 
angle a as shown in the figure. 


(a) Explain this appearance of the ruled lines shown. 
(b) Find refractive index of the glass, assuming the rod not to be thick 
and lines are being observed from a height vertically above the rod. 
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2. A laser beam propagates through a spherically symmetric medium 


surrounding a metal sphere of radius R = 10 cm. Refractive index of the 
medium varies with distance r from centre O of the sphere according to 
the law u(r) cr. Here R«r<o. 


The laser beam makes angle of 6 = 30° with a radial line at point P, 
which is rọ = 50V2 cm away from O. What minimum distance from 
surface of the sphere can the beam reach? 


. A large number of thin converging lenses each of focal length fare placed 


at equal distances l from each other so that their optical axes coincide. 
The distance / is negligibly small as compared to the focal length f. A 
light ray is made to incident parallel to the common optical axis on the 
first lens at a distance h from the optical axis as shown in the figure. 
Deduce a suitable equation of the path, the ray will trace during its 
passage through the stack of the lenses. 


ANSWERS 
ND HINTS Multiple Choice Questions 
1. (a) 6. (b) 11. (a) > (p) 15. (d) 
2. (a) 7. (a) (b) — (p) and (q) 16. (a) 
3. (b) 8. (b) 12. (d) 17. (b) 
4. (6) 9. (a) 13. (d) 
5. (a) 10. (c) 14. (a) and (d) 


| Build-up your understanding | your understanding 


1. 


to 


= 


OU 


10% decrease 
r{cos@+(1+sin@)tan6} ~ 20 cm 


hsec 
2 


(h+H)u 
H 


= 3.2 m/s 


. Acentral bright spot surrounded by concentric 


bands of radii 


an Where n = 1, 2, 3... 


6. (a) xsina =6.0 cm 


(b) Number of collisions = 


360°-2a +B _ 


Integer part of 7 


Perfectly elastic collision of a particle 
with a fixed plane is analogous to reflection of 
a light ray, thus the ball follows a zigzag path 
inside the cone. Therefore, if the cone is 
consider flipped each time to account for a 
collision, the path of the ball will appear a 
straight line as shown in the figure. Perpendi- 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


17. 


cular distance OQ of this straight line from O 
is the distance of closest approach of the ball 
from the apex of the cone. 


5.0 cm 
z above the lowest point of the mercury 
o 
surface 
AT, i 
AT, 3 
EO 
l+r 
=rt+ d =8.3m 
Hoal 
2.0 cm 
T (T +AT 
xx o(Z + NB 
2aAT 
x 
AT 

2mm 

R 
po 

r 
Between 60° N and 60° S 
y 
4h 
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18. ~ (l-r,)>=2.0 cm 
19. 15 cm 
| | 
C D’ 
ots sH 
D C’ 
| | 
2 
a N . 
4mr’n’l 


21. OI, = 2082 = 60S; 


S. - 
S&S L S O L 


. (a) 22.5 cm 
(b) The smaller image is 9 times brighter. 


aba, 


23. 
a,b+na(a, -b) 


: r= {1-2 and y=ftand 
cos 0 


Here “+” and “—’ signs correspond to real and 


virtual images. 


“Ath 


. 15 cm 
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29. a -aR] 
1 


y= 


30. Image is a sharp light spot shifted up by an 


31. M= 4h- 


amount 
s% 20x10cm 
d 
Speed of light in every layer that is 
parallel to the optical axis is smaller than that 
in a lower layer. Therefore, as the beam propag- 
ates in the slab, the wavefronts get tilted and 
this tilt increases as the beam proceeds. 


2 


2df 


34. 


Refractive index inside the disc should 
vary with distance from the axis of symmetry of 
the disc in such a way that wavefronts inside the 
disc take the desired curvature. 


2Aty u° — sin? 0 


| Check your understanding | your understanding 


1. 


(a) m Here k = 1, 2, 3, 5, 6, 10, 15 and 30 
6n, 
(b) Here k= 1 and 2 
2k+1 
3(n, +n) +n) 7 
(c) Here k = 1, 2, 3, 4, 6, B, 9, 12, 18 
and 36 
vH )i h YUy 
b Iwo 
@(2 al (b) Hh [Pay 
0° <d < Aaa ~ Sin” [a -£ 


Consider the section of the plate repeated 
repeatedly as shown in the figure. This idea 
allows us to replace zigzag path of propagation 
of light due to multiple reflections by a straight 
path. 


4. 


10. 


2 2 
7 4s, + hy 
Ar 


=100 m 


2 cAt 

~ u(sec@-1) 
Difference between time taken by the 
extreme ray and the axial ray in travelling the 


whole length of the fibre must be smaller than 
At. 


, 143 
J2 


wR°H(H +2h) 
h? 
h -1% p) 
2\ k 
9 cm 


l=f +f, =30 cm, 


a, = Q (4) =0.25 mm and 


11. 35 cm, 2 cm 
3 
12. rE) 


dD(u, -1) 


13. R= , 
u, (D-d) 


se’ and i 
D=d 2 


14. 1.5 


Lenses of the glasses are plano-concave, 
having the flat surface inside i.e. towards the 
eyes and the concave surface outside. 


Challenge your understanding 
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2 sin( 2) cos( ¢ + A 


16. (a) The interference pattern consists of circular 
fringes with the central one a bright spot 
vertically below the point source. 


(b) ~VJ2al (Vn —Vn—-1) 


15. 


(2n+1)AD 
2d 


Here n = 0, 1, 2......... 


17. l= 


1. (a) The rod can magnify only those linear 
dimensions, which are perpendicular to its 
axis and cannot magnify linear dimensions, 
which are parallel to its axis. Therefore, a 
point say P on a ruled line will appear in its 


virtual image at point Q due to 
magnification of distance OP as shown in 
the figure. 


A ruled 

line a 

Axis of the 
rod 


2tan(ð +a) 
tand+tan(@+a) 


(b) 


2. rvsind-R=40 cm 


x 


3. y= heos{ + 
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Electric charge, electrical properties of static potential and potential energy, “A man may imagine things 
materials: conduction, induction and electric dipole, electrostatics of capacitors that are false, but he can only 
polarization, Coulomb's law, electric field, with and without dielectrics; energy stored — understand things that are 
electric field lines, flux of electric field, in electric field. 


Gauss’ law and its applications, electro- res 

BACK TO BASICS 

Electric charge: 

A property of matter that is responsible to produce electric and magnetic Sir Isaac Newton 
effects. (25 December 1642 — 20 March 1726) 


It creates a field known as electrostatic field or magnetic field in addition to 
electric field, depending upon whether it appears stationary or in uniform 
motion respectively relative to a reference frame. When a charge is in 
accelerated motion, it also radiates energy in the form of electromagnetic 
waves. 

It is a scalar quantity and exists in two kinds that are called positive and 
negative charges. Like charges repel and unlike charges attract each other. 


It is invariant to a reference frame, exists in quantized amounts and is 
additive in nature. 


For an isolated system, total electric charge is conserved. 


Conductors and insulators: 


Conductors conduct electricity due to presence of free charge carriers 
whereas insulators do not conduct electricity. 


12.2  Chapter-12 


Induction and polarization: 


Induction: 


In presence of external electric field, some of the free charges in a 
conductor appear on the surface. These surface charges are called 
induced charges and the phenomenon is called induction. In this 
process, the net electric field (resultant of the applied electric field 
and electric field of induced charges) vanishes inside the conductor. 


Polarization: 


In presence of external electric field, atoms and molecules become 
individually polarized. This phenomenon is called polarization. In 
this process, uncompensated charges appear on the surface and the 
applied electric field is diminished inside the material by an amount 
equal to the electric field produced by the uncompensated surface 
charges. 

Epe = applied +E 


net uncompensated surface charges 


Net electric field inside a linear isotropic dielectric is found equal to 
the ratio of applied electric field and relative permittivity or dielectric 
constant &. 


- E 
= applied 
E ~ 
Er 


Coulomb’s law: 
It is an experimental law and states that the electrostatic force between two 
point-like charges qı and qz separated by a distance r is given by the 
equation 

pa E44 


r? 


Here K is a constant of proportionality. 


2 
r= y E 
47é, C 
C? 
£ = Permittivity of free space = 8.85x 10” —— = or 
N-m m 


Force of electrostatic interaction between two charges is independent of the 
medium between the charges. 


Electric field: 


It is a physical property that exists in surrounding region of a charge, due 
to which the charge establishes electric interactions with other charges. 


A measure of electric field known as electric field intensity is the 
electrostatic force experienced by a unit test charge with an assumption 
that the unit test charge does not disturb the original electric field. 


E sia 


q>0 q 


Here E is the electric field intensity; and F is the force experienced by a 
test-charge q. 


Superposition of electric fields: 


Since the field at a point due to one charge is not affected by presence of 
other charges; therefore, net electric field at any point due to several point 
charges is the vector sum of individual contributions from all the charge. 


E-yE 
i=l 


Flux of electric field: 
Flux ¢gof electric field through a surface S is defined by the following 
equation. 


¢=[E-as 


Gauss’ law: 


Net flux of electric field through a closed surface is equal to net charge 
enclosed by the surface divided by the permittivity of free space. 


dg = den 
fE-ds = r 


Gauss’ Law is applicable to inverse square law fields only. 


Electrostatic potential: 


Like potential energy, electrostatic potential is defined as difference of 
potentials and equals to negative of work done by the electric field in moving 
a unit test charge. 


dV =-E-d7 
For electrostatic field fE -dr =0 


Electrostatic potential energy: 


System of two point charges: 
The potential energy due the mutual electrostatic interaction 
between two particles of charges qı and qv at a distance r is given by 
the equation 

y - KU 

í r 

When separation between the particles is infinitely large, the 
potential energy is arbitrarily assumed zero (U,, = 0). 


System of several point charges: 


Total electrostatic potential energy of a system of several point 
charges equals the sum of potential energies of all possible pairs of 
charges within the system. 


Electrostatics 


J2 


12.4 Chapter-12 


System of continuous charge distribution: 


Total electrostatic potential energy of a system of continuous charge 
distribution can be calculated by the following two methods. 


Considering the system already made: 
1 
U => fVaq 


Here V is potential due to all the charges of the system at the site of 
charge dq. 
Considering the system in making: 

U = | Väg 
Here V is potential at the site of charge dq due to all the charges 
assembled before the charge dq is brought. 


Electric potential and associated field intensity: 


Electric field intensity associated with an electric potential is equal to 
negative of gradient of the potential function. 


i = l j +k Z) Cartesian Coordinates 
E=-VV = 2 
le li +ê, ai ' Polar coordinates 
or roo 


Electric field energy density: 


When in a region electric field is established, energy is stored in that region. 
This stored energy per unit volume is given by the equation 


u= L 
2 
Capacitor: 


A device that stores energy by creating electric field. It consists of two 
conductors that may be of any shape and size. These conductors are usually 
called plates. 


The magnitude of charge Q on either of the plates is proportional to the 
potential difference V between the plates. The constant of proportionality is 
known as capacitance C. 


Q=CV 


Capacitance of a structure depends upon the geometry of the structure and 
the permittivity of the medium where electric field is established. 


Energy stored in a capacitor: 


When a capacitor is charged, it stores energy in its electric field. The energy 
stored U is 


2 
g- -loy -Lev 
2C 2 2 
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1. 


bo 


Gon 


o 


When identical point charges are placed at the vertices of a cube of edge 
length a, each of them experiences a net force of magnitude F. Now these 
charges are placed on the vertices of another cube of edge length b. What 
will magnitude of the net force on any of the charges be? These cubes 
are simply geometrical constructs and not made of any matter. 


@ œ) E 
a 

a ge 
b a 


Two charged spheres are kept at a finite centre-to-centre spacing as 
shown in the figure. The force of electrostatic interaction between them 
is first calculated assuming them point like charges at their respective 
centres and then force is measured experimentally. If the calculated and 
the measured values are F, and Fm respectively, which of the following 
conclusion can you certainly draw? 


(a) If F, > Fn for like charges and F,< Fn for unlike charges, both the 
spheres must be made of insulating materials. 

(b) If F, > Fn for like charges and F,< Fn for unlike charges, both the 
spheres must be made of conducting materials. 

(c) Irrespective of their materials, F, < Fm for like charges and F, > Fm 
for unlike charges. 

(d) Irrespective of their materials, F, > Fm for like charges and F, < Fm 
for unlike charges. 


A thin conducting ring is ruptured when it is given a charge q. Consider 
another thin conducting ring, radius of which is n times and tensile 
strength is k times of the former ring. How much maximum charge can 
this second ring be given without rupturing? 


(a) <qnk (b) <qnvk 
(c) < qn? Nk (d) Insufficient information 
Each of the following figures shows electric field vectors at two points A 


and B in an electric field. In which figure or figures can the illustrated 
field be created by a single point charge? 


(a) ee (b) a 


———— B! > 


Electrostatics 


ES 
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Two equal point-like positive charges A and B are fixed on the y-axis 
equidistant from the origin. What can you say for the net electrostatic 
force on a small electrically neutral rod placed on the x-axis as shown in 
the figure? 


(a) No force at all. (b) It points away from the origin. 
(c) It points towards the origin. (d) Information is insufficient. 


A positively charged small disc is released on the top of fixed 
hemispherical frictionless dome in presence of a uniform horizontal 
electric field. If the disc leaves the dome after an angular displacement 
0 =sin '(3/5), find ratio of gravitational and electrostatic forces on the 
disc. Assume that the dome does not exhibit any electrical property. 

(a) 4/3 (b) 3/4 

(c) 9/2 (d) 12 


If a dipole of dipole moment pi is placed at point (0, y) and a point 
charge at the origin of a coordinate system, net electric field at point (x, 
x + y) vanishes. If x and y both are positive, the coordinate y is equal to 


(a) x (b) 2x 
(c) 2.5x (d) 3x 


Two infinitely large planes A and B intersect each other at right angles 
and carry uniform surface charge densities +ø and —o. Which of the 
following figures best represents electric field lines? 


Oe 
XON 


In the following figures, electric field lines of some electrostatic fields 
are shown. Which of them are incorrect representations? 


@ i (b) 


Two infinitely large Point charge in a neutral 
charged layers conducting shell 


10. 


11. 


12. 


13. 


14. 


(c) 


Point charge in a neutral 
conducting shell Two unequal point charges 


Electric field lines of a portion of an electric field that is symmetrical 
with respect to rotation about y-axis are shown in the figure. A charge 
particles stays in equilibrium at point (0, 10). If modulus of charge of the 
particle is changed gradually till it shifts to another equilibrium position 
(0, 0), estimate fractional change in the charge modulus. 

(a) 1/3 (b) 2/3 

(c) 1/9 (d) 8/9 


In the figure, a line of electric field created by two point charges qı and 
qz is shown. If it is known that qı = 1 uC, the charge q2 is closest to 

(a) -2 uC (b) —4 uC 

(c) -6 uC (d)-8 uC 


A conducting shell of radius R has charge Q. Electrostatic force between 
two parts of the shell which are on either sides of a plane that is at a 
distance r (r < R) from the centre of the shell is 


Q’ r Q’ r 
(@) 327e, R? ( + 4 () 327e, R? ( 4 

(AH r? Q’ a. 
© 327s, R? ( + =) @ 3276,R? ç =| 


A half cylinder of radius R and length L >> R is formed by cutting a 
cylindrical pipe made of an insulating material along a plane containing 
its axis. The rectangular base of the half cylinder is closed by a dielectric 
plate of length of length L and width 2R. A charge Q on the half cylinder 
and a charge q on the dielectric plate are uniformly sprinkled. Electro- 
static force between the plate and the half cylinder is closest to 


qQ qQ 
@ ERL © Sae RL 

qQ qQ 
© TERI © S RE 


A conducting sphere of radius rı is surrounded by a dielectric layer of 
outer radius re and dielectric constant &. If the conducting sphere is 
given a charge q, determine surface density of polarization charges on 
the outer surface of the dielectric layer. 


€q q 
(0) Anr, (a Aner, 
(c) (£, -1)q (d) (e, -ljg 


Arr, Aner; 
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Figure-I 


Figure-II 


15. 


16. 


17. 


18. 


19. 


Due to a point charge, potential and electric field at a point A are 7 V 
and 3 V/m respectively and electric field at a point B is less than 3 V/m. 
Now magnitude of the charge is tripled. If electric field at B becomes 3 
V/m, potential at B will become closest to 


(a)7V (b) 12 V 
(c) 21V (d) Insufficient information 


In another world, instead of the Coulomb’s law, electric force F ona 
point like charge q due to another point like charge Q is found to obey 
the following law. 


__ @a(1-Var) 
F =—_—__.—-r 
ATE 
Here ais a positive constant and 7 is the position vector of charge q 
relative to the charge Q. 
Q (1 — Var) 
—r 


4rer’ 


(b) Line integral of this electric field $E -dl over a closed path is also 


(a) Electric field due to a point charge Qis E = 


zero as in our world. 


(c) Gauss’ law pE dg = Zend also holds true for this electric field. 
Eo 
(d) All the above statements are true but this electric field is not 
conservative. 


A cube made of an insulating material has uniform charge distribution 
throughout its volume. Assuming electric potential due to this charged 
cube at infinitely distant places to be zero, potential at the centre is 
found to be Vo. What is electric potential at one of its corners? 


(a) Vo (b) Vo/2 
(c) Vo/4 (d) V48 


Consider a cube as shown in the figure-I; with uniformly distributed 
charge in its entire volume. Intensity of electrical field and potential at 
one of its vertex P are Ey and Vo respectively. A portion of half the size 
(half edge length) of the original cube is cut and removed as shown in 
the figure-II. Find modulus of electric field and potential at the point P 
in the new structure. 


E, 3V, 3E, V 
— and — b 2 and — 
(a) 5 an (b) P an 5 
(c) eeu and a (d) ti and TVo 


Electrostatic potential V has been measured everywhere outside a 
spherical body of radius R made of unknown material. It was found that 
the potential is spherically symmetric, 1.e. depends only on the distance 
r from the centre of the sphere as given by the expression V= A/r, where 
A is a constant. No measurement of the potential inside the sphere has 
been done. What can you conclude for charge distribution of the body? 


(a) It must be uniform. 

(b) It may be nonuniform but must have spherical symmetry. 

(c) It may be uniform or nonuniform without any spherical symmetry. 

(d) To predict charge distribution precisely we need to know electric field 
outside the sphere. 


. Consider a thin conducting shell of radius r carrying total charge q. Two 


point charges q and 2q are placed on points A and B, which are at 
distances 0.5r and 2r from the centre C of the shell respectively. If the 
shell is earthed, how much charge will flow to the earth? 

(a) 2q (b) 3q 

(c) 4q (d) More than 2q and less then 3q 


. A straight chain consisting of n identical metal balls is at rest in a region 


of free space as shown. In the chain, each ball is connected with adjacent 
balls by identical conducting wires. Length l of a connecting wire is 
much larger than the radius r of a ball. A uniform electric field E 
pointing along the chain is switched on in the region. Find magnitude of 
induced charges on one of the end ball. 


(a) 2rernl E (b) 27er (n-1)lE 
(c) 4rer(n-1)lE (d) 4e (n-1) PE 


. Small identical balls are attached at each end of a spring of force 


constant k = 200 N/m and relaxed length / = 20 cm. Unknown amount 
of charges are gradually transferred to the balls in unequal amounts 
until the spring length becomes twice of its relaxed length. What 
amount of work must be done by an external agency in slowly 
compressing the spring back to its relaxed length? 

(a) 8 J (6) 12 J 

(c) 16 J (d) 20 J 


. Electrostatic potential V at a point on circumference of a circular layer 


of uniform charge and radius r is given by equation V = 4or, here ois 
surface charge density in the layer. Which of the following expression 
correctly represents electrostatic energy stored in the electric field of a 
similar charge layer of radius R? 


(a) 420° R? (b) 220° R? 
(c) 420° R’? (d) $no’ R’? 


. Three identical electric dipoles are arranged parallel to each other at 


equal separations as shown in the figure. The separation between the 
charges of a dipole is negligible as compared to the separation between 
the dipoles. In the given configuration, total electrostatic interaction 
energy of these dipoles is Uo. Now one of the end dipole is gradually 
reversed, how much work is done by the electric forces? 


oy oy Me 
(e) 1V a -1 
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A parallel plate capacitor of capacitance Co is charged to a voltage Vand 
then the battery is disconnected. A dielectric covering one-third area of 
each plate is now inserted as shown in the figure. If charges on the 
capacitor plates get redistributed such that the portions covered with 
dielectric and not covered with the dielectric share equal amounts of 
charge, which of the following statements is/are true? 


(a) Dielectric constant of the dielectric is 2.0. 

(b) Charge appearing due to polarization on the surface of the dielectric 
is 0.25C)V. 

(c) Force of electrostatic interaction between portions of the plates 
covered with dielectric is equal to that between uncovered portions. 

(d) Force of electrostatic interaction between the plates after insertion 
of the dielectric becomes 9/8 times of its value before insertion of the 
dielectric. 


. A flat air capacitor C consists of two large plates that are close to each 


other. Initially, one of the plates was not charged, while the other had 
charge Q. If entire space between the plates is filled with a slab of finite 
electrical resistance, estimate total amount of energy lost in the slab. 


(a) 3C (b) 3C 
3Q” 7Q” 
(c) 8C (d) eG 


. Two particles each of mass 100 g and charge 10 uC are released on a 


horizontal plane at a distance 1.0 m from each other. Coefficient of 
friction between the particles and the plane is 0.1 and acceleration of 
free fall is 10 m/s2. Maximum speed acquired by the particles after they 
are released is closest to 


(a) 2.0 m/s (b) 2.8 m/s 
(c) 3.0 m/s (d) 4.2 m/s 


Two identical point charges are moving in free space, when they are 60 
cm apart; their velocity vectors are equal in modulus and make angles 
of 45° from the line joining them as shown in the figure. If at this instant, 
their total kinetic energy is equal to their potential energy, what will be 
the distance of closest approach between them? 

(a) 20 cm (b) 30 cm 

(c) 40 cm (d) 45 cm 


29.A thin disk of radius R is held closing the opening of a thin 


hemispherical shell of the same radius. Both the bodies are made of 
insulating materials and have uniform charges of surface charge density 
oeach. The plate is released keeping the shell fixed. How much 
maximum kinetic energy will the plate acquire after it is released? 


R’o? arRo?” 
(a) * (b) 
8& 4E 
8 2 
(c) aig (d) Insufficient information 


Questions 30 to 32 are based on the following write-up. 


Electrons (mass m and charge e) can be projected with a certain velocity 
from a point O between two parallel plate like electrodes separated by a 
distance d as shown in the figure. The bottom plate is connected to mid- 
point C of a rheostat, while the upper plate is connected to the rheostat 
through a sliding jockey J. The end terminals A and B of the rheostat are 
connected across an ideal battery of electromotive force V. When the jockey 
is held at C, electrons move along the x-axis that is parallel to the plates 
and hit a phosphorescent screen S in time Tọ. 

Distance d between the electrodes is large enough so that none of the 
electrons strikes the electrodes. Ignore magnetic effects and electro- 
magnetic radiations. 


30. In a trial, the jockey J is held at A and an electron is projected. A time 
interval 0.57, after the electron is projected, the jockey is suddenly 
made to jump to the end B. Where on the screen does the electron make 


a spot? 
2 
(a) On the x-axis. (b) ai above the x-axis. 
m 
2 
(c) ak below the x-axis. (d) None of these 
m 


31. In second trial, the jockey J is made to slide from C to A and then back 
to C with the same speed in a total time interval Tọ. Where will the 
electron hit the screen? 


A 


(a) On the x-axis with velocity U =—i. 
0 
(b) On the x-axis with velocity U = es - ovi j : 
T,  4md 

(c) Above the x-axis with velocity U = ee + eves j : 

T,  4md 

A T 

a E E wives Ba 

T. 4md 


0 


32. In third trial, the jockey is made to slide from A to B with a constant 
speed in the time interval To. Where will the electron hit the screen? 
(a) On the x-axis with velocity U = T P 
(b) Above the x-axis with velocity U = m : 


(c) Below the x-axis with velocity ọ = a , 
eVT, > 
2md 


(d) On the x-axis with velocity v = a + 
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1. Acharge particle A is fixed at the base of a uniform slope of inclination 
a. Another charge particle B is placed on the slope at an angular position 
{from the line of greatest slope through the position of the first particle. 
Coefficient of friction between the particle B and the slope is u (u< tana). 
For the particle at B to stay in equilibrium, what could be the maximum 
value of the angle 8? 


bo 


One end of an insulating rigid rod of negligible mass and length / is 
iy pivoted to a fixed point O. A small ball of mass m having a negative 
H o charge of modulus q is attached to the lower end of the rod. Another 

small ball carrying a positive charge Q is fixed at a height h above the 
l point O as shown in the figure. What should the range of values of mass 
| m of the lower ball be so that the rod remains in a state of stable 
“a equilibrium? Acceleration due to gravity is g. 


3. Two beads of equal mass m and unlike charges of modulus q; and q2 can 

ae ci slide on a fixed frictionless non-conducting rod, bent at right angle. 

d Initially, the beads are held at rest at distances d and 2d from the corner 

| as shown and then released simultaneously. When one of the beads 

| od | reaches the corner, where will the other bead be? Treat the beads as 
particles. 


4. Arigid frame in the shape of a right pyramid is made of conducting rods. 
The base ABCD is a square and the apex O is vertically above the centre 
of the base. The frame is electrically neutral. When it is placed in a 
uniform electric field of intensity E pointing from the corner A towards 
the corner D, total charges induced on the rods DC and OC are known 
to be qı and q2 respectively. Now the frame is rotated to make the 
electric field pointing from the corner A towards the corner C. What are 
the charges induced on each rod? 


> 
ow 
Q 


5. Three identical point charges are placed on the vertices of an equilateral 
triangle. At how many places within the triangle electric field vanishes. 


pee 6. Three identical thin uniformly charged filaments are fixed along three 
“4 S sides of a cube as shown in the figure. Length of each filament is / and 
line charge density on each of them is A. Determine electric field at the 
— centre of the cube. The cube is a geometrical construct and not made of 
l a any matter. 


a 


7. In presence of a uniform horizontal electric field E, a small non- 

conducting disc of mass m and charge q is released on a non-conducting 

mg triangular prism of mass M placed on a frictionless horizontal floor as 

shown in the figure. Slant face of the prism makes an angle 8 with the 

Zo) horizontal and coefficient of friction between it and the disc is x. If the 
disc accelerates up the slant face, find acceleration of the prism. 


8. 


10. 


11. 


13. 


14. 


A particle of mass m and charge q projected with a speed u at an angle 
@ above the horizontal, after travelling a horizontal distance xp, enters a 
region where in addition to gravity a uniform static horizontal electric 
field also exists. Boundary of this region is vertical. If after some time, 
the particle returns to the point of projection, find magnitude of the 
electric field and time of flight of the particle. Acceleration of free fall is 
g and influence of the air is to be neglected. 


Two particles of charges and masses (+q,, mı) and (—qd2, mz) are released 
at different locations in a uniform electric field E in free space. If their 
separation remains unchanged, find the separation between them. 


A ring of radius R having a uniformly distributed charge Q is fixed in a 
horizontal plane. A bead of mass m and an unknown charge stays in 
equilibrium at such point on the vertical axis of the ring that if it is 
displaced slightly up or down, it undergoes oscillatory motion. Find 
charge on the bead. Intensity of gravitational field is g. 


A thin rod of mass m carrying uniform negative charge -q is placed 
symmetrically along the axis of a thin ring of radius R carrying 
uniformly distributed charge Q. The ring is held fixed in free space and 
length of the rod is 2R. Find period of the small amplitude oscillations 
of the rod along the axis of the ring. 


. A thin rigid insulating ring of radius r and mass m has a very small gap 


of length / (L << r) and carries a uniformly distributed charge q. The ring 
is at rest in free space and a uniform electric field Æ in the plane of the 
ring and parallel to the gap is switched on as shown in the figure. Find 
the maximum angular speed of the ring in subsequent motion. 


A thin dielectric rod of mass m and length l carrying a uniform positive 
charge q, moving with a velocity u enters a two section region of electric 
field. Both the sections are of equal thickness d (l > 2d) each and have 
electric fields of the same magnitudes E that points opposite to the 
initial velocity of the rod in the first section and in the direction of the 
initial velocity of the rod in the second section. Assume charge 
distribution of the rod remains unaffected by the electric fields and 
ignore electromagnetic induction due to motion of the charged rod. 


(a) What should the minimum velocity u of the rod be so that it will 
completely pass through both the sections? 

(b) If the rod enters the first section with a velocity, which is double of 
that obtained in the previous part, with what speed will it emerge 
out of the second section? 


A charge q is uniformly distributed on a thin rod of mass m and length 
l that stays at rest in free space. Two regions of uniform electric field of 
intensity E are created on both sides of the rod as shown in the figure. 
In the region of width L where the rod is initially placed, there is no 
electric field. Now the rod is projected along its length so that it cannot 
enter completely into any of the regions of electric field. Find period of 
oscillations of the rod as a function of the maximum distance xm entered 
by a leading end of the rod into a region of electric field. 
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19. 


20. 


21. 
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In an external electric field a molecule is polarized. The dipole moment 
thus induced is given by equation p=aHE, where a known as 


polarizability is a positive constant and E is the external electric field. 
Consider a molecule of polarizability a located at a distance r from a 
dipole of dipole moment po on its axis. Find force of electrostatic 
interaction between the molecule and the dipole. 


A particle of charge Q is placed on the axis of a neutral cylinder of 
volume V at a distance x from one end of the cylinder as shown in the 
figure. Here the distance x is much larger than the linear dimensions of 
the cylinder. Using suitable approximations, find force F of electrostatic 
interaction between the charge particle and the cylinder considering the 
cases - the cylinder is made of a conducting material and the cylinder is 
made of an insulating material of relative permittivity ¢,. 


Find electric field everywhere on a plane containing the borders of two 
parallel half-planes extending in opposite directions. Distance between 
the half-planes is d and they have uniform surface charge density 
oeach. Angle between the plane and the half-planes is @. 


An insulating hollow cube of side l carries uniform charge on all of its 
surfaces. The surface charge density is o. Determine the force acting on 
a face due all the other faces. 


Two parallel equilateral triangular plates are placed overlapping each 
other very close to each other. The plates carry uniformly distributed 
unlike charges of equal moduli. Deep inside the region between the 
plates, electric field is uniform but near the edges, it becomes 
nonuniform. If modulus of electric field deep inside the plates is Eo, find 
modulus of electric field at the midpoint of line AB. What happens if the 
plates have the shape of a regular pentagon? 


An ideal gas is trapped in a thin glass tube of cross section area A 
between two metallic pistons that can slide without friction. Initially the 
pistons stay in equilibrium a distance d apart that is small compared to 
their diameter. If the pistons are given unlike charges each of modulus 
q, what will the distance between them become? Electrical permittivity 
of the gas is £ and atmospheric pressure is po. 


Two identical nonconducting triangular plates each of area A carrying 
uniform positive charges +3q and —2q are kept parallel to each other by 
inserting three identical insulating rods between their corners as shown 
in the figure. Distance between the plates is much smaller than their 
linear dimensions. Assuming the assembly to be isolated from other 
bodies, find compressive forces developed in the rods. 


. An infinitely large layer of charge of uniform thickness t is placed 


normal to an existing uniform electric field. Presence of this charge layer 
so alters the electric field that it remains uniform on both the sides and 
assumes values E and FE, as shown in the figure. Charge distribution in 
the layer is not uniform and depends only on distance from its faces. 
Find expression for the force per unit area experienced by the charge 
layer. 


23. 


24. 


25. 


A small circular metal disc of mass m and radius r is glued on a heavy 
porcelain ball of radius R with a special type of glue that loses its 
strength very quickly. Before the glue loses its strength, a total charge 
Q is sprinkled uniformly on the surface of the assembly. The metal disc 
jumps off the ball, immediately after the glue loses its strength. Find 
acceleration of the metal disc at the time of separation. Neglect effects 
of gravity and assume area of the disc negligibly small as compared to 
the surface area of the ball. 


Two point like charges qı = 4.0 nC and q2= 1.0 nC occupy fixed positions 
in free space. If at every point on a curve surrounding the charges as 
shown in the figure, net electrostatic potential V created by these 
charges is 900 V, what should the separation between the charges be? 


A right pyramid of square base and height H has uniform charge 
distributed everywhere within its volume. Modulus of electric field and 
potential at the apex P of the pyramid are Hy and Vo. A symmetrical 
portion of height h from the apex has been removed. Find modulus of 
electric field and potential at the apex P of this truncated pyramid. 


A 
| 
Pyramid Truncated Pyramid 


. If a charge q is uniformly spread on a thin dielectric square plate, the 


electric potential at its centre is found to be V,. If six such charged plates 
are joined to make a hollow cube, the potential at the centre of the cube 
is found to be V2. Find potential at one of the vertex of this cube. In all 
the cases, potential at infinitely distant points has been assumed zero. 


. A parallel plate capacitor has two sections. In these sections, areas of 


plates are A, and A, and distances between the plates are dı and dz 
respectively. The distances between the plates are much smaller than 
their linear dimensions. A uniform electric field E that is perpendicular 
to the plates is switched on. Neglecting edge effects, deduce expressions 
for the intensities Æ and E, of electric fields established in both the 
sections of the capacitor. 


. Radii of the inner and outer concentric conducting spheres of a spherical 


capacitor are a and b. One half of the space between the spheres is filled 
with a linear isotropic dielectric of permittivity £ and the other half with 
another linear isotropic dielectric of permittivity «& as shown in the 
figure. The inner and the outer spheres are given charge +q and -q 
respectively. Find expressions for the electric fields in both the 
dielectrics and potential difference between the spheres. 
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36. 


Charge distribution on a rod bent as a semicircular arc of radius R 
follows a function 4 = A, sin@. Here 4 is line charge density at a point 


on the rod, Ap 1s a positive constant and ĝis angular position of the point 
as shown in the figure. Find the ratio of electrostatic potentials at the 
centre O and at a general point on the diameter AB at distance r (r < R) 
from the centre O. 


A conducting sphere of radius R = 1.0 m is charged to a potential V; = 
1000 V. A thin metal disc of radius r = 1.0 cm mounted on an insulating 
handle is touched with the sphere making contact with one of its flat 
faces and then separated. After separation the disc is earthed and the 
process is repeated until the potential of the sphere becomes V; = 999 V. 
Approximately how many times has this process been repeated? 


Two small metal spheres A and B each of radius r supported on 
insulating stands, located at a distance a (a >> r) from each other are 
connected by a thin conducting wire. A point charge q is placed on the 
line joining centres of the spheres at distance l (l >> r) from the ball A. 
What are the moduli of charges induced on the spheres? 


Consider a dumbbell like structure consisting of two conducting balls 
connected by a conducting rod. Radius r of the balls is much smaller 
than the length / of the connecting rod. The dumbbell is placed midway 
between two unlike point charges Q and -Q that are a distance 3/ apart. 
Rod of the dumbbell is collinear with the line joining the charges. By 
what amount will the net force on a charge change after placing the 
dumbbell? 


Two metal spheres of radius rı and rz are connected by a thin conducting 
wire. The second sphere is surrounded by a grounded concentric 
conducting shell with uniform separation d between their facing 
surfaces. If the second sphere is given a charge Q, find charges acquired 
by all the three spheres. Assume that d << rp, and the distance between 
the spheres is much larger than their radii. 


A large conducing plate of surface area A and thickness d is placed 
perpendicular to a uniform electric field E. How much heat will be 
dissipated in the plate after the electric field is switched off? 


Two conducting spheres of external radii r and 3r have wall thickness 
0.05r each. Point charges q and 2q are placed at the centres of these 
spheres respectively. The spheres are kept at great separation so that 
they do not affect charge distribution on the surfaces of each other and 
their interaction energy is negligible. Deduce expression for the 
minimum amount of work done by an external agency to exchange the 
position of the charges. The holes made to enable exchange of charges 
are so small that their size can be neglected. 


A point P is located equidistant from both the plates and near one edge 
of a parallel plate capacitor as shown in the figure. In an experiment, 
maintaining charge qo on the bottom plate constant, potential V and 
modulus of electric field E at the point P are measured for different 
values of the charge q on the upper plate. In the following graphs the 
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potential for one value of the charge q and modulus of electric field for 
two values of the charge q are shown as functions of the ratio of the 
charges r =q/qo. 


| 


Deduce analytical dependence of the potential V and the electric field 
vector Ẹ at point P on the ratio r of the charges. 


37. Four uncharged identical metal plates, each of area A are placed parallel 
to each other in vacuum. Distances d between adjacent plates is much 
smaller than linear dimensions of a plate. The inner plates are given 
unlike charges each of modulus q and then the outer plates are 
connected through a resistance. Determine total heat dissipated in the 
resistance. Neglect effects of electromagnetic radiation. 


38. Four identical metallic plates are arranged very close and parallel to 
each other as shown in the figure. Plates A and D are connected across 
a voltage source, which maintains potential of plate A higher than that 
of D by an amount Vo. Plates B and C are connected by a short 
conducting wire for a while and then the wire is removed. Now the 
voltage source is removed and then plates A and D are connected by 
another short conducting wire. Find potential differences between the 
pairs A-B, A-C and B-D. 


Jawe 


39. Between two thin parallel metal plates having charges +q and -q is q p 
inserted a thick metal slab having charge +q so that distance between əd A 


the upper plate and top face of the slab is 2d and the distance between 
lower plate and bottom face of the slab is d. Adjacent surfaces of the +4 
d 


plates and that of the slab are equal in area and parallel to each other. 


: : q x 
Now the upper and the lower plates are earthed by closing the switches B = 
A and B simultaneously. Find amounts of the charges that pass through 
the switches. 
DMD 


40. Plates of a parallel plate capacitor have area A and distance between = 
them is d. A potential difference Vis maintained across the capacitor by 
a battery. Two identical dielectric slabs D and a metal slab M each of 
thickness d/3 are inserted in the capacitor as shown in the figure. 
Relative permittivity of each of the dielectric slab is &. Find expression 
for modulus of the force of electrostatic interaction on either of the 


plates. 
41. Two uncharged thin metal plates A and B each of area A are fixed a er a 
parallel to each other and earthed. Another identical plate C made of a i 
dielectric material is placed midway between the plates A and B. The if 
x 


plate C has a net positive charge Q uniformly distributed in its volume. i 
Determine net electrostatic force on the plate C, if it is shifted a distance 
x towards the plate A. Neglect the end effects. A C B 
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A device has been suggested to measure charge and electrostatic 
voltage. It consists of a cylindrical rubber pad with identical circular 
metal plates coaxially glued on both of its circular faces. Radius of the 
rubber pad and that of the metal plates are equal. One of the plates is 
held fixed and the other one can move while remaining parallel to the 
first one. In this way, a directly measured quantity from this device is 
the displacement x of the movable plate. 


The radius of the metal plates is r, the length of the rubber pad in un- 
deformed state is d and its stiffness is k. Electrical permittivity of the 
free space is & and dielectric constant of the rubber is &. 


Neglect the fringing of the electric field at the edges of the plates, i.e. 
the electric field between the plates can be considered homogeneous. 


(a) To use the device as a charge meter, the charge q to be measured is 
fed to the plates through terminals A and B. Find relation between 
the plate displacement x and the charge q. 

(b)In which part of its range, is the device as a charge meter more 
accurate? 

(c) To use the device as an electrostatic voltmeter, the electrostatic 
voltage V to be measured is applied between the terminals A and B. 
Find relation between the plate displacement x and the voltage V. 

(d)In which part of its range, is the device as an electrostatic voltmeter 
more accurate? 


Two small balls of masses m; and mz having like charges are connected 
with each other by an insulating light thread of length l. Initially, the 
balls are at rest and tensile force in the thread is T. After the thread is 
cut, the balls move apart. Determine distance between the balls, when 
momentum of the first ball becomes p. Ignore effects of all forces other 
than the electrostatic forces between the balls. 


Two particles each of mass m = 50 g and charge q = 10 uC are at rest on 
a horizontal plane a distance rọ = 10 m apart. Coefficient of friction 
between the particles and the plane is u = 0.2. What is the minimum 
constant horizontal force that must be applied to one of the particles so 
that the other one starts sliding? 


A particle of charge —4.0 uC is fixed at a height 3.0 m above the ground 
and another particle of mass 0.9 g and charge 1.0 uC is held under the 
previous particle at a height 2.2 m above the ground. What minimum 
speed must be given to the second particle so that it reaches the ground? 
Acceleration of free fall is 10 m/s?. 


A point like positive charge q is fixed at a distance d on the perpendi- 
cular bisector of thin electrically neutral nonconducting rod. Ends of the 
rod are at distance / from the point charge. A bead of mass m having the 
same charge q is threaded on the rod. The bead is projected from one 
end of the rod towards the other end. Velocity of the bead at the centre 
of the rod is observed to be vı and at the other end və. If coefficient of 
friction between the bead and the rod is uniform everywhere, find 
velocity of projection of the bead. 
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47. A small block carrying a positive charge qı is held at rest on an inclined 
plane. A negative point charge qə is fixed somewhere at point O in the 
vertical plane containing the block. Coefficient of friction between the 
block and the inclined plane is u = 0.375. When released, the block 
acquires a speed vo = 3.0 m/s after sliding down a height h = 1.25 m. If 
the block has negative charge of the same magnitude (i.e. —q;), what 
speed will it acquire after sliding down from rest between the same 
initial and final points. Acceleration due to gravity is g = 10 m/s?. 


48. Two identical beads each of mass m and charge q can slide on two long 
parallel insulating frictionless rigid rods that are a distance d apart. 
Initially the beads are so far from each other that no electrostatic 
interaction exists between them. With what speed must one of the beads 
be projected so that it passes over the other bead? Assume radii of the 
beads negligibly small as compared to the distance between the rods. 
Neglect effects of gravity. 


49. Two small non-conducting balls A and B are rigidly attached at the ends 
of a light frictionless non-conducting rod. A third non-conducting ball C 
can slide on the rod like a threaded bead between the balls A and B. All 
the three balls are of equal mass m and have equal charges q. Initially 
the balls are held at rest in free space with centre-to-centre spacing as 
shown in the figure. All the balls are simultaneously released. Find 
maximum speed of the ball C in subsequent motion. Neglect radii of the 
balls as compared to the distance d. 


O> 


3d 


50. Four identical particles A, B, C and D each of mass m and charge q are A@ 
connected by insulating light inextensible threads of equal length / to O 
make a tetrahedron as shown in the figure. N 


The thread connecting particles A and B is cut. Find maximum speed Dé oC 
acquired by every particle in subsequent motion. 


51. Two particles each of mass m and charges +q and —q separated by a 
distance l are given initial velocities u perpendicular to the line joining ul 
them as shown in the figure. Neglect gravitational and magnetic forces © Pee os (©) 
between the particles in comparison to Coulombian forces between r 
them. 


(a) Under what conditions will the masses eventually collide? 

(6) Under what conditions will the masses follow circular orbits of 
diameter l? 

(c) Under what conditions will the masses follow closed orbits? 

(d)What is the minimum distance between the masses in their subse- 
quent motion? 


52. An amount Q of positive charge is sprinkled uniformly on surface of a 
large and massive non-conducting spherical shell of radius R and then 
a small circular portion of radius r (r << R) is removed from the shell. 
Now a particle carrying positive charge q is released from the centre of 
the shell. Considering only electrostatic interactions, find the kinetic 
energy of the charged particle when it comes out of the hole. 
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53. 


Two identical dielectric spherical shells each of radius R carrying 
uniformly distributed charges +Q and -Q are fixed intersecting each 
other with their centres at separation x) < R. A straight thin uncharged 
insulating rod is fixed along the line joining centres of the shells, on 
which a small bead of mass m carrying a positive charge q can slide 
without friction. The holes made in the shells to pass the rod and the 
bead are so small that their effect on the electric field of the charges of 
the shells can be ignored. The rod is made of such a material that no 
charge accumulates on it due to induction or polarization. The bead is 
projected with an initial velocity u towards the shells from a point that 
is far away from the shells as shown in the figure. If the bead stops 
sliding on the rod, where must it stop and what must be the range of its 
initial velocity u? 

To specify your answer assume centre of the positively charged dielectric 
sphere at the origin of a coordinate system whose x-axis coincides with 
the rod. 


. A soap bubble of mass m (excluding air inside) blown with the help of a 


capillary tube is given an unknown amount of charge. Surface tension 
of the soap solution is ø. When the bubble acquires a stable radius, an 
additional small amount of air is blown into the bubble from the tube 
and then the tube is left open. Because of this operation, the soap bubble 
starts oscillations. Assuming that the soap bubble retains its spherical 
shape during the oscillations, find expression for these small amplitude 


oscillations. 


Check your understanding 


1. 


bo 


Two identical particles A and B each having charge q when released in 
free space with initial separation rọ between them, their separation 
becomes double in time fo. How long will it take to double the separation, 
if charge of particle A is made aq, that of particle B is made bq and they 
are released with initial separation nro? 


A small block having charge Q placed on a frictionless horizontal table 
is attached to one end of a spring of force constant k. The other end of 
the spring is attached to a fixed support and the spring stays 
horizontally in relaxed state. Another small block carrying a negative 
charge -q is brought very slowly from a great distance towards the 
former block along the line coinciding the axis of the spring. Find 
extension in the spring when both the blocks collide. 


Modulus of electric field intensity at a point in space varies with time 
according to the given graph. This field is created by two identical point 
charges; one of them is fixed at a distance rp from the observation point 
and the other one is moving with a constant velocity. Find modulus of 
the charges, the minimum distance of the moving charge from the point 
of observation and speed of the moving charge. Neglect electromagnetic 
induction due to motion of the moving charge. 


10. 


11. 


Two parallel half-planes are uniformly charged with surface charge 
densities +gand —o. Find magnitude and direction of electric field due 
to these half planes at a point P located at a height h above the edge of 
the positively charged half-plane (see figure). Distance d between the 
half-planes is much smaller than h. 


Four infinite planes intersect each other forming a tetrahedron. Three 
adjacent edges meeting on the vertex O of the tetrahedron are of equal 
length / and the face opposite to the vertex O is an equilateral triangle 
of edge b. Each plane is uniformly charged with positive surface charge 
density o. A particle of mass m and positive charge q is held at rest 
within the tetrahedron on the line of symmetry through the vertex O at 
distance d from the lower face as shown in the figure. For better 
readability, complete planes are not shown. With what speed will the 
particle collide with the tetrahedron, after it is released? Consider that 
the charges on the planes remain immobile and neglect gravity. 


Two hemispherical thin shells made of insulating materials are 
concentrically arranged in a free space as shown. The radii of the larger 
and the smaller hemispheres are R and r and they carry net positive 
charges Q and q respectively. The charges are uniformly distributed 
over the surfaces of the shells. Find the force of electrostatic interaction 
between the shells. 


A bead of mass m and charge q can slide without friction on an 
insulating thread tied between two diametrically opposite points on a 
ring of radius R made of an insulating material. An amount Q of positive 
charge is uniformly distributed on the ring. Find the period of small 
oscillations of the bead about its equilibrium position. Mass of the beads 
is negligible as compared to that of the ring. 


A uniformly charged right-angled triangular lamina ABC is shown in 
the figure. Acute angle at the vertex A is 0. If potentials of vertices A 
and B are Va and Vg respectively, find potential of the vertex C. 


Electrostatic potential at a point close to a charged conducting ball is V. 
When a very small conducting object ( a probe) is brought close to the 
ball, potential of the ball changes by |AV|. Find force of electrostatic 
interaction between the ball and the probe. 


A grounded metallic ball of radius r is placed on the centre of a uniformly 
charged thin insulating disc of radius R (R >> r). If total charge on the 
disc is Q, find force of electrostatic interaction between the ball and the 
disc. 


Two electrically neutral conducting bodies A and B of arbitrary shapes 
are placed far away from each other in free space. If A is given a charge 
q and B being neutral is brought in contact with A, both of them will 
acquire a potential V and work done by electrical forces in this process 
is W,. If B is given charge q and A being neutral is brought in contact 
with B, work done by electrical forces is Wz. What will be the work done 
by electrical forces, if both the bodies are given charge q each and then 
brought in contact with each other? 
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12. A thin dielectric spherical shell of radius R is divided into two equal 
parts. These parts are held together forming a complete shell and are 
given uniformly distributed unlike charges Q and -q. If work done in 
making separation between the shells infinite is W, determine self- 
energy of a charge q, uniformly distributed on a hemispherical shell of 
radius r. 


13. Consider two concentric conducting spherical shells of radii R and r. The 
inner shell is connected to a two-way switch S by a long thin insulated 
conducting wire passing through a small hole in the outer shell. The 
inner shell can be connected either to the earth or to the positive 
terminal of a battery of terminal voltage V by throwing the switch in 
position 1 or 2 respectively. The outer shell is given a charge Q keeping 
the switch in position 1. Find total amount of heat released after the 
switch is thrown to position 2. 


14. Due to nonuniform mechanical strength, when a conducting sphere is 
& given a charge Q, the electrostatic forces make a small hemispherical 
bulge on its surface. The radius r of the bulge is negligibly small as 
compared to the radius R of the conducting sphere. 
(a) Can you assume charge on the bulge distributed uniformly? 
(b) Estimate charge q on the bulge. 
(c) Find the change in capacitance AC due to this bulge. 


15. A dielectric slab of thickness t and relative permittivity & is placed 
between two fixed parallel metal plates. Faces of the slab and the plates 
are parallel and distance between the plates is d. Neglecting end effects, 
find the minimum voltage applied between the plates sufficient to 
rupture the slab. Breaking stress of the material of the slab is ©. 


16. An ideal gas is trapped between two metallic pistons A and B inside a 
thin glass tube. The pistons are connected with the terminals of a 
variable voltage battery. Relative permittivity of the gas is &. The 
pistons stay in equilibrium at separation x) between them when battery 
voltage is Vo. 


(a) Is the equilibrium stable, unstable or neutral? 
(b) How will the distance x between the pistons change, if battery 
voltage is slowly increased? 


17. Two identical metal plates each of area A are arranged parallel to each 

other as shown. The lower plate is held fixed and the upper plate is 

ed connected at its middle to one end of a spring of force constant k. The 
+ other end of the spring is attached to a fixed support. When either of the 
plates have no charge, the equilibrium distance between them is d. Now 
the switch is closed to apply a voltage between the plates. What 
maximum voltage in this way can be applied between the plates, so that 


they would not touch each other? Ignore force of gravity as compared to 
the spring force and the force of electrostatic interactions. 


| l | 18. Two point charges each of charge q and masses m and M (M > m) are 
—o——— o released in a uniform electric field E with initial separation / as shown. 
q,m E q, M Find the maximum separation between them in subsequent motion. 


19. 


21. 


23. 


24. 


Consider a non-conducting ring of radius r and mass m and a particle of 
equal mass, both at rest in free space. The particle is on the axis of the 
ring and far away from the ring. An amount Q of positive charge is 
uniformly distributed on the ring and the particle is given a positive 
charge q. The particle is imparted a velocity u towards the centre of the 
ring. Find maximum speed the ring can acquire during the subsequent 
motion. 


. Three identical particles each of mass m and charge q connected by light 


inextensible non-conducting threads are held in free space with the 
threads connecting the central particle to the other two making an angle 
slightly less than 180° as shown in the figure. Both the threads are of 
length l. All the particles are simultaneously released. Find period of 
oscillations in the system. 


Two identical conducting balls each of radii r, and mass m, connected by 
a light conducting spring of stiffness k and un-deformed length lo (lo >> 
r) are at rest in free space. If a uniform electric field of strength Æ 
directed along the spring is switched on, the balls may oscillate. 


(a) What should value of the stiffness k of the spring be to make 
oscillations possible? 
(b) Determine the amplitude and period of oscillations. 


. A dumbbell like structure is made by affixing two particles A and B at 


the ends of a light spring. Both the particles have equal mass m and the 
particle B carries a positive charge q. A uniform electric field of intensity 
E pointing in the negative x-direction is established in the region x > 0 
and gravity is absent everywhere in the region of interest. The dumbbell 
is initially at rest on the x-axis in the region x < 0. It is projected with a 
velocity u in the positive x-direction as shown in the figure. After a 
while, the dumbbell is observed moving in the negative x-direction with 
the same speed u. During this interval, particle A never enters the 
region of electric field and the spring length becomes minimum only 
once. 


(a) How much time the particle B spends in the electric field? 
(b) If the process takes place exactly in the same way as described, what 
should the relaxed length / of the spring be? 


Two identical small elastic conducting balls each of mass m and radius 
r have charges of opposite signs Q and —q. Initially they are held in free 
space with their centres at separation l > 2r and then released. Find 
their speeds v long after their collision. Ignore non-uniformity in charge 
distribution when ball come close to each other, magnetic field produced 
by motion of charges and the gravitational interaction between them. 


Two neutral particle like identical metal balls each of radius r and mass 
m are connected by a light inextensible conducting thread of length L. 
The balls are held in free space with separation between their centres l 
(r << l< L). Now everywhere a uniform electric field directed along the 
line joining the centres of the balls is switched on and then the balls are 
released. Find maximum speeds of the balls in subsequent motion. 
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Challenge your understanding 


1. 


Bottom face of a horizontal dielectric slab is coated with a conducting 
paint and at centre of the top face is placed a small mercury drop, which 
does not wet the plate. Thickness of the slab is d and relative 
permittivity is &. Now the switch is closed and the battery voltage is 
increased so gradually that the mercury drop spreads on the dielectric 
slab at negligible rate. At what battery voltage will the mercury drop 
cover the whole of the upper face of the dielectric? Surface tension of 
mercury is oand initial surface area of the drop is negligible as 
compared to surface area of mercury when spread. 


A parallel plate capacitor completely filled with a dielectric sheet of 
thickness d and relative permittivity & is placed on a horizontal 
tabletop. The lower plate is glued with the tabletop and the dielectric 
slab is glued with the lower plate. The plates are square of edge length 
l and mass of the upper plate is m. The plates are given charges +q and 
—q, then the upper plate is shifted horizontally by a small distance x 
along one of its edges and set free. Find period of oscillation of this plate. 
Thickness d of the dielectric is much smaller than the edge length l. 


In a gravity free cabin, a non-conducting liquid of surface tension o and 
possessing uniform volume charge density p is sprayed into large 
number of drops. After spraying, the drops float around in the cabin and 
keep on breaking apart into smaller drops and coalescing into larger 
drops. While floating, the electrostatic forces between the drops are 
negligible. Estimate radius of the drops when their number reaches a 
stable value. 


A frictionless non-conducting inextensible thread of length / wears three 
beads of positive charges qi, q2 and q3. The ends of the thread are 
connected to make a knotless loop. Length of the thread is so large as 
compared to the size of the beads that the beads can be treated as point 
particles. The system is in a state of equilibrium with beads at vertices 
of a triangle. 


(a) Find lengths l, l and ls of the sides of the triangle. 
(b) What relation the charges qi, q2 and q3 must bear to establish the 
above-mentioned state of equilibrium? 


Three identical metal spheres each of radius r are fixed at the vertices 
of an isosceles right triangle, as shown in the figure (assume r << a). 
Initially each sphere is individually given a charge q. Spheres A and B 
are connected for a short while with a conducting wire, and then the 
wire is taken away. This operation is repeated with the spheres B and 
C and then with the spheres C and A. What are the electric charges on 
the spheres after all these operations? 


3. 
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Three particles A, B and C of charges q, q and 2q and masses m, 2m and Å B 

5m respectively are held in free space in a straight line at separation ro == @®=------------ @---------——— ©- 
between two adjacent particles as shown in the figure. All the three 
particles are released simultaneously. Find velocities of all the three 
particles when they reach so far from each other that electrostatic 
interactions between them can be neglected 


Three long frictionless rods are fixed parallel to each other in a 
horizontal plane with separation d between adjacent rods. The rods ~~~ 
wear identical sleeves A, B, C and D each of mass m and charge q. 
Initially the sleeves B, C and D are arranged in a line perpendicular to 
the rods and the sleeve A is far away from them as shown in the figure. 
In this way, the sleeves B, C and D are in a state of unstable equilibrium 
and have no electrostatic interaction with the sleeve A. If the sleeve A 
is launched towards the right with an initial velocity u, find velocities of 
all the sleeves when they acquire steady motion. Consider all possible 
cases. 
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(c) 9. (a), (b) and (c) 17. (b) 25. (a), (b) and (d) 
(d) 10. (d) 18. (a) 26. (b) 
(b) 11. (d) 19. (c) 27. (a) 
(a) and (c) 12. (d) 20. (b) 28. (c) 
(d) 13. (d) 21. (b) 29. (c) 
(c) 14. (d) 22. (b) 30. (b) 
(b) 15. (b) 23. (d) 31. (c) 
(b) 16. (a) and (b) 24. (c) 32. (b) 


Build-up your understanding | your understanding 
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4. Total charges induced on each of the edges are 


S, i t 
en (pote) given in the following table. 


Qqh AB BC CD DA OA OB OC OD 
m > ——— SV Sn SS 8 
3 
ATE (h + D qı qı q qı V24, 0 V2q, 0 


V2 V2 J2 V2 


The electric field along the diagonal is 
superposition of the two electric fields each 
along the edges. In addition, modulus of induced 
charge on a conductor is proportional to the 
applied electric field intensity. 


Both reach the corner simultaneously. 


Acceleration magnitudes of the beads are 
proportional to their distances from the corner. 
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There are two such points on each median 
with the centroid as a common point. 


Zero newton per coulomb 


(qEsin6 + mgcos@)(sin@ + ucos@) 
M +msin6@(sin@ + ucos8) 


u’ cos” 0 ) Qu sind 
and ——— 


MEJ- W COS U- 
q |u’ sinb cosh- gx, 


1 | @q,(m, +m,) 
2 né ,E (q,m, +a,m,) 
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a04 Angular velocity acquires its maximum 
value when angular acceleration vanishes. 


2qE 


(a) u=d 
ml 


(Attractive) 


Force on a dipole of dipole moment p in 


an electric field E is given by the following 
relation. 


F =-V(-p-E) 
In the given situation the above relation reduces 
to 


16. 


18. 


25. 


: r Q’V : 
Conducting cylinder: F = —;—— attractive 
a ex 
£. -1)Q°V 
Insulating cylinder: F = CEK attractive 
82° EEX 


Due to electric field of the point charge, the 
charges appearing on the flat faces of the 
cylinder constitute an electric dipole. Moreover, 
the electric field of the point charge can be 
assumed almost uniform inside the cylinder to 
calculate charges appearing on its faces. 


. Zero at all points between the half-plane and 


ol (28, ) outside. 
ar 
2E 
; E, 
. In case of triangular plates: E = = 
3E 


0 


In case of pentagonal plates: E = 


2e,p,A°d 


` 2E, P4’ +q’ 


2 


in each rod 


Ep 


7 2&0 (E; - E?) 


Q’r’ 


` 3276e,mR* 


Since the ball is made of porcelain, the 
space from where the metal disc flies off will 
remain devoid of charge. 


(Var + Vaz) 


r= =9.0 cm 


476,V 


Electric field intensity must vanish, where 
the equipotential crisscross itself. 


E, h-2| d aaaf 


30. 


Mida 
2 4 
A E ad 
Ad, + A,d, 
E, = Ed, A, +A, 
Ad, + A,d, 
a qF 
Ë -Ë -= 
! 2z (e +e)” 
q(b-a) 


7 2n(E,+€,)ab 


The potential distribution in both the 
regions occupied by the dielectrics is identical; 
therefore, electric field in both the regions can 
be expressed by the same function. 


1:1 


The given charge distribution is equi- 
valent to charge on a strip S on a uniformly 
charged spherical shell of radius R. 


Since electric field in the sphere is zero, there- 
fore net electric field due to any two diametric- 
cally opposite such strips on all points of the 
common diameter must be zero. It suggests that 
electric field of a single strip and hence electric 
field of the given semicircular arc anywhere on 
their diameter cannot have a component para- 
llel to the diameter. 


4R? (V, -V,) 
z V. 
Each time the disc is separated from the 
sphere, it removes a charge in proportion to area 


of its flat face and hence reduces the potential of 
the sphere in proportion to the removed charge. 


= 40 
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The overall electric field in both the confi- 
gurations differs only in the region occupied by 
the material of the shells where electric field is 
Zero. 


Ve viis and 
2 


B= S{H,(1+r)i+E,(1-r)j} 


V, -V =V Va -Vo =-3⁄, and 
V3 -Vo =- Vo 


4q/3 through A out of the plate and q/3 through 
B into the plate. 


4 
na| Er) 


. (a) q =./82,Skx 


(b) In the higher portion of the range 


(d-x) |2kx 
E ES 


Lg 


(d) In the higher portion of the range 
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The electrostatic potential energy 
acquires its least value when the ball C passes 
midpoint between the balls A and B. 


> 


2 
q 1 
U U U U 1-—— 
re ki +] 
(a)u=0 
2 
) “2 =2 
mlu 
2 
(c) n >1 
mlu 
2 
I; If Ka <2 
mlu 
(d) = l Kg? x5 
2 ?, 2 
Kq af mlu 
lu? 


For simplicity, you may proceed with 
dimensional analysis. 


bo 
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53. Inside the positive dielectric sphere and outside 


the negative one i.e. the position x, where the 
bead will stop satisfies inequality 


(R-x,)<x<R 
Range of initial velocity of the bead 
Qqx, 
2neymR(R+x,) 
Direction of the net electric field created 


by charges on the shells on the line of motion 
of the bead is shown in the following figure. 


-Q +Q 


u < 


The moving charge experiences retarding force 
only in the regions AB and CD, therefore it can 
stop only within either of these regions. 


Since the potential rise from the initial 
position of the bead to the hole A equals to the 
potential drop from the hole A to the hole B, 
therefore the bead being projected from its 
initial position with a finite speed cannot stop 
within the region AB and 1f it stops, it can do 
so only within the region CD. 


10. 


11. 


13. 


Ane. E,, n% and zt 

0 
The observation point becomes a null point 
at the instant t = t and both the charges have 
equal modulus, therefore at the instant t = q, the 
observation point must be the midpoint of the 
line joining the charges. In addition, symmetry 
in the graph suggests that the path of the 
moving charge is a straight line perpendicular 
to the line joining the observation point and the 
stationary charge. 


parallel to the planes and outwards 
27E, 


You may conceive each of the half planes 
made of infinitely large numbers of strips like 


ME, 


VAP -b° 


V, sin@+V, cos 0 


8ze, VAV 


Charges induced on the probe constitute 
an equivalent electric dipole, field of which is 
responsible for change in potential of the ball by 
an amount equal to potential created by the 
dipole at the centre of the ball. 


Q’r 
me R’ 
W, +W, -qV 
q? qWR 
4rer 2rQ 


2ra rV? 
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AB and CD each parallel to the left edges of the 
planes. 


D C 


Electric fields of the strips in every such pair are 
equal in magnitude and opposite in direction at 
the point P; therefore, they cancel out electric 
fields of each other. In this way, we reach on a 
conclusion that it is the part FG of the upper 
plane, which is the only contributor of electric 
field at the point P. 


l bV3 i} r- <l<b Hit the bottom 


Stays Immobile 


Hit the top corner 


14. (a) No 
Charge on the bulge accumulates in a 
negligibly small region as far as possible from 
the centre of the sphere. Therefore, this charge 
can satisfactorily be treated as a point charge. 


Qr’ 
b) qz 
(b) q oR 


r? 
(c) AC = 274 P 


Since the bulge is of negligibly small size, 
the change in capacitance is also very small. 
Moreover, the total charge is constant, therefore 
we can say that the fractional increase in the 
capacitance equals the fractional decrease in 
potential or vice versa. 


15. {ed G 1)t} 


16. (a) Unstable 
(b)x 0 
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During the oscillatory motion, mass centre 
remains stationary. In the figure, angle between 
the threads is shown much exaggerated only for 
the sake of readability. The mass centre is 
assumed as the origin of the coordinate system, 
on the y-axis of which the middle particle 
oscillates. The end particles follow a curved 
path of so small curvature that their path can 
be assumed almost straight and perpendicular 
to the x-axis. 


21. (a) k > 2Qxe,rE’ 


22. 


E? 
(b) e and Ox —”7 
k- 27rer E 2k — 4re rE 
(a) 4mu 


qE 


23. 


25. 


26. 


2 BEM P)-r(L-D} x E 
m 


2 
mu 


Ou 


Interaction with the electric field lasts 
over the first cycle of oscillation of the dumbbell 
about its mass centre; thereafter, dumbbell 
moves backwards with speed u without any 
residual oscillations. 


, -| 1 flera’ E 
47e,m 8r l 

Kinetic energies of the ball can only 
change due to work done by interaction forces. 
The loss of energy due to redistribution of 
charges between the balls at time of contact will 
dissipate as heat and has nothing to do with 
change in kinetic energy. Therefore, the balls 
gain kinetic energy at the expense of interaction 
energy before the collision, during collision they 
exchange their velocities and after the collision, 
they further gain kinetic energy at the expense 
of their interaction energy. 


zer (E - 2) 
m 


od 
E Eo 
Since the drop is made to spread slowly, 
all the energy supplied by the battery is utilized 
in increasing electrostatic potential energy 


stored in the electric field and in increasing the 
surface energy of mercury. 


8l le e&mlx 
q d 


r- 150€, ; 
20° 


Total energy comprising of electrostatic 
potential energy and surface energy due to 
surface tension of all the drops eventually 
acquires a minimum value. 


V=2 
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- Jaa: +4dzds + Jana 
(b) y%02 < Vy 929; +934, ’ 
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Tension force has same magnitude every- 
where on the thread. 


1. (a) = 


and 


4. If w= 2v,, then v, =v, =vUp =0 and v = 2v, 


If u > 2v,, then v, = 20,405 = Up =v, and v =u 


If u < 2v, , then v, =-Ž(u+44,), Ug = Up = (2u- 


2 


q 
6ze,md 
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3r (2-2 
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U,) and vu, = 2u, 
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Electric current, current density, Ohm's 
law: general and circuital forms, series 
and parallel arrangements of 
resistances, capacitors and cells, 
voltage and current sources, equi- 
valent circuits, Kirchhoff’s laws and 


BACK TO BASICS 


Electric current: 


their applications to resistive and RC 
circuits, Wheatstone bridge and its 


applications, heating effect of 
current, galvanometer, voltmeter, 
ammeter and other measuring 
instruments. 


It is defined as time rate of flow of electric charge across a surface. 


Toin 
At>0 At dt 


Conventionally, direction of current is taken along the direction of flow of 


positive charge or opposite to flow of negative charge. 


Current density: 


Electric current is a macroscopic description (over a surface), whereas 


current density is a microscopic description that defines electric current 


flowing through a surface at a point. It is a vector quantity. 


Electric current is defined as flux of current density vector J. 


I=[J-ds 


“Except our own thoughts, 
there is nothing absolutely in 
our power.” 


René Descartes 
(31 March 1596 — I | February 1650) 
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If current flow is everywhere normal to the surface under investigation, the 
current density is given by 


Electric conduction and Ohm’s Law: 
Electric current density at a point in a conductor of conductivity o subjected 
to electric field E is given by the equation 
J=oE 
The above equation is known as the generalized Ohm’s law. 


For a material in which conductivity does not depend on current, the 
potential difference V across a specimen of length / and cross-section area A 
is proportional to the current I flowing through it. 


ES, pis RI 
oA A 


Here p is reciprocal of conductivity and is known as resistivity or specific 
resistance of a material and R is known as resistance of the specimen. 


The above equation is the circuital form of the Ohm’s law. 


Relation between resistance and capacitance of a medium: 


Product of resistance and capacitance between two interfaces of a 
homogeneous medium equals the product of resistivity and permittivity of 
the medium. 


RC = pe 


Kirchhoffs laws: 


All kinds of electric circuits can be analysed by the following two laws. 


Current law: 


Algebraic sum of all branch currents at a junction is zero. 


Voltage law: 


Algebraic sum of all electromotive forces in a closed loop is 
equal to algebraic sum of all voltage drops in the loop. 


Electric power: 
Electric power p consumed or delivered in the circuit by a device equals the 
product of potential difference V across the device and current J flowing 
through the device. 

p=VI 
A device consumes or delivers power depending on, whether in the device 
the current flows in the direction of decreasing potential or increasing 
potential. 


For an Ohmic resistance R 
y? 
— R = 


p=VI PR 
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l. 


A constant current J flows in a strip-line conductor, resistivity of which 
increases monotonically in the direction of the current flow. If 
resistivities at cross-sections A and B are pa, and pz, find excess charge 
accumulated in the section AB. Permittivity of free space is & and 
relative permittivity of material of the strip is & everywhere in the strip. 


(a) £ (Ps -pa )I (b) £08, (Pp -p )I 
() &(&, -1)(Ps -P4 )I (d) £ (a -1)( Ps -pa )I 


Under which of the following conditions, resistance of a cylindrical 
specimen of an Ohmic material is least affected by small temperature 
variations. 


(a)Temperature coefficient of resistivity is greater than that of linear 
expansion. 

(b)Temperature coefficient of resistivity is lesser than that of linear 
expansion. 

(c) Temperature coefficient of resistivity is equal to that of linear 
expansion. 

(d)Temperature coefficient of resistivity is negligible as compared to 
that of linear expansion. 


A homogeneous rod AB of uniform cross-section is connected across a 
battery. By some arrangement (not shown in the figure), the section CD 
of the rod is being uniformly heated. What can you conclude regarding 
temperature distribution in the rod? 


(a)Temperatures in all the three sections will be uniform with the 
highest value in the section CD and equal lower values in the sections 
AC and DB. 

(b)Temperatures in all the three sections will be uniform with the 
highest value in the section AC, the lowest value in the section DB 
and an intermediate value in the section CD. 

(c) Temperatures in all the three sections will be uniform with the 
highest value in the section CD, the lowest value in the section DB 
and an intermediate value in the section AC. 

(d)Temperature distribution in all the three sections will be non- 
uniform with location of the highest temperature nearer to D in the 
section CD. 


A closed cubical box is made by a thin conducting sheet. When its 
diagonally opposite corners are connected across a battery, it draw a 
current J from the battery. Find current flowing across the edge BE. 


(a) (b) i 


(d) Between : and A 


(c) 3 


olw wl 
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In the figure is shown a part of a large network. If resistance of the 
rheostat is increased, how will the readings J, and J; of the ammeters A, 
and A, respectively and the reading of the voltmeter V change? 


(a) I, and J, will decrease and V increase. 

(b) I, will decrease and J, and V increase. 

(c) I will decrease and J; and V increase. 

(d)It is sure that J, will decrease but nothing can be predicted about J, 
and V from the given information. 


Volt-ampere (V-I) characteristics of an unknown device D connected in 
a circuit in series with a resistance and a battery is shown in the figure. 
If value of the resistance is R = 300 kQ and terminal voltage of the 
battery is Vo = 5 kV, find potential drop across the device. 


(a) 1.0 kV (b) 2.0 kV 
(c) 3.0 kV (d) 4.0 kV 


Volt-ampere (V-J) characteristic of a nonlinear device D and corresp- 
onding circuit used are shown in the adjoining figures. Voltage Vg of the 
battery is made to vary from zero to 30 V and voltage V, across the 
device D, voltage V across the 10 Q resistor and current J supplied by 
the battery are measured by ideal voltmeters V; and Və and an ideal 
ammeter A. Which of the following graph/graphs represent correct 
relationship? 


A+ TA? 
3 3 
2 2 
(a) (b) 
1 1 | 
> | > 
10 20 30 VV 10 20 30 V/V 
V/V V/V 
— 30 
5 
— 20 
(c) (d) 
i0 J 
10 20 30 V,/V 10 20 30 V,/V 


A network shown in the figure consists of a battery and five unknown 
resistors. When an ideal ammeter is connected between the terminals A 
and B, its reading is 4 A and when a resistance of 3 Q is connected in 
series with the ammeter its reading becomes 2 A. Now the ammeter and 
the resistance are disconnected and an ideal voltmeter is connected 
between the terminals A and B. What would the voltmeter read? 

@)6 V @)10 V 

(c) 12 V (d)18V 


9. 


10. 


11. 


12. 


13. 


The network shown consists of an ideal battery, an ideal voltmeter V, 
an ideal ammeter A, several resistors of different values and a rheostat. 
If resistance of the rheostat is increased by a finite amount, how will the 
readings of the voltmeter and ammeter change? 


VVV VVV CAA a E VVV VVV“ i VVV“ 
= ®© = 
sees i © 


(a) Both will decrease. 

(b) Voltmeter reading will decrease and ammeter reading will increase. 

(c) Voltmeter reading will increase and ammeter reading will decrease. 

(d)Voltmeter reading will not change but ammeter reading will 
decrease. 


The circuit shown in the diagram extends to the right into infinity. Each 
branch resistance is denoted by r. What is the resistance between the 
terminals A and B? 


(V5 +1)r (V5 -1)r 
(a) E (b) a 


(c) (V5 +1)r (d) (V5 -1)r 


The circuit shown in the diagram extends to the right into infinity. Each 
battery has electromotive force V (unknown) and internal resistance r 
(known). Each resistor has resistance 4r. Reading of the ideal ammeter 
shown in the diagram is J. Find the value of Vin terms of J and r. 


(a) (2-2/2) Ir (b) (2+2V2) Ir 
(c) 4.5ir (d) 3.0Ir 


An ideal battery of electromotive force @ is connected in series with an 
ammeter and a voltmeter of unknown internal resistances. If a certain 
resistance is connected in parallel with the voltmeter, the voltmeter and 
the ammeter readings becomes 1/7 and 7 times of their respective initial 
readings. What is the initial reading of the voltmeter? 


E nt 
(a) (b) 
* (n+) (7 +1) 
ne (7 +1)€ 
d EASE R ES 
O a) a 


Two identical conducting spheres each of radius a are placed at centre 
to centre separation d (d >> a). They are kept in a homogeneous medium 
of permittivity sand resistivity p. Which one of the following is a correct 
expression of resistance between them? 


p p 
(a) ca ( b) daa 
g a) 4 


27a" 4ra? 


Electric Current 13.5 


13.6 Chapter-13 


A 


It, 
| 


— 


ni 
A C, Ce C; R C 
a a sae 
“T 


eE =l 
— 


Figure-I 
Figure-II 
li 
V 
R C 
WV - 


14. An air-filled parallel-plate capacitor with the plate area A is connected 


15 


16. 


17. 


18. 


to a battery of electromotive force V and negligible internal resistance. 
One of the plates is made to vibrate so that the distance between the 
plates varies as d = dyt+acos(at), where a << dọ. If instantaneous 
current in the circuit reaches a maximum value of Jp, the maximum 
possible amplitude of vibrations a is 


(a) _ Oy (b) Lodo 
VAae, VAoe, 
Idi Ld 
(c) 00 (d) oro 
VA@e, VVAaz, 


. In the circuit shown, all capacitors are identical, initially the switch is 


open and only the capacitor A is charged. After the switch is closed and 
a steady-state is established, charge on the capacitor A becomes 5.0 uC. 
Initial charge on this capacitor is closest to 


(a) 7.5 uC (b) 8.0 uC 
(c) 13.3 uC (d) 15.0 uC 


The figure shows part of a large network in which potentials of some of 
the points are shown. Each capacitor has a capacitance 5 uF. Which of 
the following statements is/are true? 


(a) From the given information, potential of point O can be determined 
but that of B cannot be determined. 

(b) From the given information, potential of both the points O and B 
cannot be determined. 

(c) If charge on capacitor Co were also specified, potential of point O can 
be determined but that of B cannot be determined. 

(d)If charge on capacitor C were also specified, potentials of both the 
points O and B can be determined. 


Two parallel plate capacitors of capacitances C and 2C consisting of 
plates of identical dimensions are connected with an ideal battery of 
terminal voltage V as shown in the figure-I. Now the capacitor smaller 
in volume is completely inserted into the larger capacitor and kept in 
symmetric position and then connection polarities of the plates are 
reversed as shown in the figure-II. Which one of the following 
statements is correct? 


(a) Charge flown through the battery is 8CV and it absorbs energy. 
(b) Charge flown through the battery is 8CV and it delivers energy. 
(c) Charge flown through the battery is 7CV and it absorbs energy. 
(d) Charge flown through the battery is 7CV and it delivers energy. 


An air filled parallel plate capacitor of capacitance C is connected 
through a resistance R to an ideal voltage source of electromotive force 
V. A dielectric plate of dielectric constant k is inserted in the capacitor 
to occupy whole space between the plates. After a steady state is 
reached, the plate is quickly pulled out. Which of the following is correct 
expression for heat generated in the resistance until a steady state is 
reached again? 


19. 


20. 


21. 


(a) CV? (k-1) (b) +CV? (k-1) 
(c) CV? (k-17 (d) +CV? (k-1) 
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In the circuit shown, the device D has a property that, if initially non- 
conducting, it remains non-conducting until voltage across it rises to a 
value V; (<Vo). It then rapidly discharges the capacitor until the voltage 
across it drops to a negligibly small value, where upon it returns to a 
non-conducting state. The voltage developed across the capacitor is 


(a) periodic with time period RC. 
(b) periodic with time period RCIn 4 f 


(c) periodic with time period RCIn Vo ) ; 


V-V 
y2 
(d) periodic with time period RCIn T . 
Vi(%.-4) 


Questions 20 and 21 are based on the following write-up. 


A conducting balloon of radius a is charged to a potential Vp and held at 
a large height above the earth surface. The large height of the balloon 
from the earth ensures that charge distribution on the surface of the 
balloon remains unaffected by the presence of the earth. It is earthed 
through a resistance R and a valve is opened. The gas inside the balloon 
escapes through the valve and the size of the balloon decreases. The rate 
of decrease in radius of the balloon is controlled in such a manner that 
potential of the balloon remains constant. Assume electric permittivity 
of the surrounding air equal to that of free space (é) and charge does 
not leak to the surrounding air. 


Time rate at which radius r of the balloon changes is best represented 
by the expression 


1 1 
a b) - 
(a) 4re,R (@) 4ne,R 
a G2" 
4re,aR 4ze,aR 


How much heat is dissipated in the resistance R until radius of the 
balloon becomes half? 


(a) 0.526,aV,” (b) 2é,aV," 
(c) 2n6,aV,” (d) 4rs aV? 


Questions 22 and 23 are based on the following write-up. 


A parallel plate capacitor is filled with two layers of different materials 
A and B as shown in the figure on the next page. The material A has 
dielectric constant kų and conductivity o, and the material B has 
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22. 


23. 


24. 


25. 


dielectric constant kọ and conductivity o. The capacitor is connected 
across an ideal battery of terminal voltage V. Permittivity of free space 
1S &. 


Electric field in the material A is 


(a) Vo; (b) Vo, 
dg, + d,o, dio +d,0, 

(c) Vo, (d) Vo, 
do, +0,0; 0,0, + d0, 


What is the total surface charge density on the interface of the two 
materials? 


EV (o — Oy) 


0 
S00 i ad b 
(a) dk, +d,k, @) do, + d,o, 
(c) EV (ok, —0,R,) (d) V d, d, 
do, + d,0, £00516, +d, di +d, 


Questions 24 and 25 are based on the following write-up. 

Consider two electrically neutral concentric conducting thin spherical 
shells of radii r and 3r. A particle of positive charge Q is fixed at a 
distance 2r from the common centres of the shells. The inner shell can 
be electrically connected to the outer shell through a resistance Rı with 
the help of a switch S; and the outer shell can be grounded through a 
resistance Rə with the help of another switch S as shown in the figure. 


How much total heat is dissipated in the resistance R, after the switch 
S; is closed keeping the switch Sz open until a steady state is reached? 


Q Q 
(a 48TEr © 96TE r 
T BE an 
(oar (U Birar 


When a steady state is reached after closing the switch S4, the other 
switch Sə is closed. How much total heat is dissipated after the switch 
Sz is closed until a new steady state is reached? 


2 


(a) Heat dissipated in each resistor is ; 
BTE 


2 
(b) Heat dissipated in R; is 


and no heat is dissipated in Ro. 
TEF 


2 


(c) Heat dissipated in Rz is and no heat is dissipated in R. 


TE 


(d) Both the resistors dissipate different amounts of heat, total amount 
2 


of which is ; 
NET 
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An electron gun on a space probe starts emitting an electron beam into 
the space. Electrons in the beam have energy W = 9.0 x 104 eV and the 
beam is equivalent to electric current I= 1.0 mA. If the space probe is a 
metal sphere of radius r = 1.0 m, find electric field strength at the 
surface of the space probe 1.0 min after starting the electron gun. 
Charge on an electron is e =—1.6 x 10°19 C. 


A composite spherical shell of radius r = 10 cm and wall thickness t = 0.1 
mm is made of copper except an equatorial strip of width b = 0.2 cm, 
which is made of aluminium. When the poles of the sphere are connected 
across an ideal battery of terminal voltage V= 0.1 mV, a current I = 5.12 
A flows through it. If the aluminium strip is replaced by an iron strip of 
identical dimensions and the experiment is repeated with the same 
battery, what current will flow through the battery? Resistivities of 
aluminium and iron are px = 0.03 O:mm2/m and pre = 0.10 Q:mm2/m. 


A ring of a radius r= 16 cm is made of a wire of uniform cross-section of 
radius a= 1.0 mm. Resistivity p of the material of the wire is not uniform 
and varies with angular position 0 measured from a fixed radius 
according to the given graph. How much maximum resistance between 
a pair of points on this ring can be obtained? 


pim: m) 
1.0 


0.5 


m 2m ol 


Three uncharged metallic balls of radii a, b and a respectively are 
connected to terminals A, B and C with the help of long thin conductors 
as shown in the circuit. Find charges established on each of the balls, 
when a steady state is reached after the switch is closed. Consider the 
balls to be at great distances from each other as well from the circuit 
and neglect internal resistance of the battery. 


A uniform underground cable AB connects two telegraph offices, which 
are 8 km apart. Due to a fault at a place C, the conductor of the cable 
comes in contact with the earth. Current flowing to the earth at fault 
location faces 10 Q resistance. To locate the fault when an engineer 
applies 20 V between the end A and the earth, his colleague measures 5 
V between the end B and the earth. Moreover, when his colleague 
applies 30 V between the end B and the earth, the engineer measures 5 
V between the end A and the earth. What is the distance of the fault 
location along the cable from the end A? 
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The network shown consists of an ideal voltage source, an ideal ammeter 
and five resistances. Determine reading of the ammeter. 


An actual battery can be represented as a constant voltage source in 
series with a resistor, known as internal resistance. Three identical 
actual batteries A, B and C connected as shown in first figure, cause a 
current of 2.0 A to flow in the circuit. If the batteries were connected as 
shown in the second figure, what would the current through batteries 
A, B and C be? 


A portion of a large network is shown in the figure. Values of the 
resistances are indicated in the figure and both the ammeters A, and A, 
are ideal. If reading of the ammeter A, is 1.0 A, how much will the 
ammeter A, read? 


When a resistance R = 100 Q is connected across terminals of a battery, 
a current I flows through it and when an additional unknown resistance 
is connected in series with R, a current 3//4 flows through the battery. 
If the unknown resistance is connected in parallel with R, the battery 
current becomes 6//5. Find value of the unknown resistance. 


Resistors R, 2R, 3R....... 100R are connected in series and free ends of 
this series are connected to make a closed loop. An ideal battery is 
connected between the junction of resistor R and 100R and the junction 
of resistors nR and (n+1)R. Find value of n for which a minimum 
current flows through the battery? 


A resistance R and a nonlinear device D are connected with an ideal 
battery as shown in the given network. Current I through the nonlinear 
device varies with voltage V across the device according to equation 
I=kV’. Here k is a positive constant. Find expression for the current 
in the circuit. 


In the given circuit, an ideal battery of terminal voltage Vọ = 200 V is 
connected across a network consisting of resistors R; = 20 Q and R = 20 
Qand a nonlinear device D. Volt-ampere (V-I) characteristic of the 
nonlinear device D is also shown in the adjoining figure. Find voltage 
across the resistance Rp. 


TA 
VVV HEHEH 
T Rı=20 5.0 HFE 
V= R, = 20 È t a: t 
0.0 = 


£ > 
50 100 V/V 
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13. Determine equivalent resistance between terminals A and B of the 
network shown. 


1,09 2.0.9 3.0.9 
view 
E 2.00 2.00 B 
3.0.9 2.09 1.00 
vA vA WV 


14. Twelve resistances are arranged in the edges of a cube and electrically 
connected only at the corners of the cube. Find equivalent resistance 
between the corners A and G. 


15. A circuit shown in the figure consists of an ideal battery, three | 


resistances R,, Rə and R; and two ideal ammeters. At present the 02A 

ammeters read 0.2 A and 0.3 A as shown. If on interchanging places of R, ®© R, R; 
any two of these resistances, the readings of the ammeters remain ook 
unaffected, how much current is the battery supplying? SEAD 


16. A network shown in the figure consists of three ideal batteries each of 
terminal voltage 100 V, four resistances each of value 4 Q and a 
rheostat. Find relationship between current J through the rheostat and 
voltage V across the rheostat for all values of resistance of the rheostat. 


17. A black-box (you cannot see what is inside the box) with an unknown 
electric circuit inside has four terminals A, B, C and D. To know the 
contents inside the black-box, following circuit consisting of an ideal 
battery, two non-ideal identical voltmeters and two non-ideal identical 
ammeters is arranged. Terminal voltage of the battery and readings of 
the instruments are shown in the figure. Suggest the simplest possible 
circuit in the black-box and find its parameters. 


10 mA 20 mA A 


30V ; V3.0 V 


=a 


18. In an infinite grid of square cells made of conducting wires, resistance 
of an edge of a square cell is R. In the figure, point C is midpoint of the 
edge AB. Find resistance of the entire grid as measured between the = ae 
terminal pairs A-B and A-C. 
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. Find equivalent resistance between the terminals A and B of the 
following infinite ladder networks. 
A R R/2 R/4 R/8 A R R/2 Rl4 RI8 
VV VV n AVAA - VWN VV VV AV 
R m3 ans ns R mn raž RI/8 
R 2R 3R 4R 
B 


Figure-I Figure-II 


. The network shown consists of an infinitely large number of identical 
sections. Resistance of each branch is R. Find resistance of the whole 
network measured between the terminals A and B. 


. A voltmeter of internal resistance 1.0 kQ reads voltages 1.8 V, 1.8 V and 
4.5 V between the terminal pairs A-B, B-C and A-C respectively of a 
circuit consisting of an ideal battery and two unknown resistances R, 
and Rə as shown. What will another voltmeter of internal resistance 2.0 
kQ read between these terminal pairs? 


. The figure shows a portion of an electric circuit. All the resistances Ra, 
Rpg and Rc are known and their values are indicated in the figure. All 
the voltmeters A, B and C are identical. If the readings of the voltmeters 
A and B are Va = 7.5 V and Vz = 5.0 V respectively, find the reading of 
the voltmeter C. 


. The circuit shown consists of three identical resistances and three 
identical voltmeters A, B and C. If the first voltmeter A reads Va = 22 V 
and the third voltmeter C reads Vc = 8 V, calculate reading of the second 
voltmeter B. 


. Three identical resistances are connected in series and their 
combination is connected across an ideal battery. If you connect a 
voltmeter between the terminals A and D, the voltmeter reads V; = 3.00 
V and if you connect the voltmeter between the terminals A and B, the 
voltmeter reads V2 = 0.96 V. If you short-circuit the terminals A and C 
and then connect the voltmeter between the terminals B and D, how 
much will it read? 


. In the circuit shown, the voltmeter reads V; = 1.0 V and the ammeter 
reads J, = 1.0 A. On changing the places of the ammeter and the 
voltmeter, the voltmeter will read V2 = 2.0 V and the ammeter will read 
I, = 0.5 A. Find resistance R, resistances Ry of the voltmeter and R4 of 
the ammeter. 


. To measure electromotive force of a wristwatch battery, you are given 
two voltmeters. Each of them when connected alone across the battery, 
read V, = 0.9 V and V; = 0.6 V. If the voltmeters are simultaneously 
connected across the battery, both of them read V3 = 0.45 V. Find the 
electromotive force of the battery. 


30. 


31. 


33. 


34. 


. The circuit shown consists of three identical ideal voltmeters A, B and 


C, five resistors and an ideal battery. Find readings of all the voltmeters 
in terms of the terminal voltage V of the battery. 


. A multi-range milli-ammeter is made by providing a set of interchange- 


able shunts and a microampere range galvanometer. This milli- 
ammeter is connected in a circuit to measure current. When 1.0 mA 
range is selected, it reads J, = 1.0 mA and when 3.0 mA range is selected 
it reads J, = 1.5 mA. What is the true current Jp in the circuit without 
the milli-ammeter? 


.A homemade Ohmmeter consists of a series connected battery, a 


resistance and an ammeter. A student constructs two such ohmmeters 
using non-identical components and calibrates them by measuring the 
same set of known resistances. These two Ohmmeters are together 
connected in parallel with an unknown resistance R as shown in the 
figure. If one of the ohmmeter reads R; = 30 Q and other reads Rə = 60 
Q, find true value of the unknown resistance R. 


When a 50 W bulb is inserted in a table lamp holder, the connecting 
wires dissipate 1.0 mW. How much power will be dissipated in the 
connecting wires, if you insert a 100 W bulb in the table lamp holder? 


The circuit shown, consists of three resistances, an incandescent bulb, a 
switch and a battery. If the bulb B glows equally bright whether the 
switch is closed or open, find resistance of the bulb and the voltage-drop 
across it. 


. In the given circuit when the switch is open, the ammeter A reads 2.5 


A, two of the four resistances dissipate 50 W each and other two 
resistances dissipate 200 W each. If the switch is closed and terminal 
voltage of the battery is so adjusted that the ammeter reading again 
becomes 2.5 A, find power dissipation in each of the resistances. 


The given circuit consists of two ideal batteries, two fixed value 
resistances and a variable resistance. Terminal voltages V; and V2 of the 
batteries and resistances R; and Rə are known. Find the resistance R of 
the variable resistance for which maximum power is developed in it and 
the corresponding maximum power. 


Three identical vessels A, B and C containing equal quantities of ice at 
0 °C are placed in a room. Identical heating elements placed inside each 
vessel are connected across batteries of terminal voltages Va = 380 V, Vg 
= 220 V and Vc = 110 V respectively. If all the ice of vessel A melts in ta 
= 4 min and all the ice of vessel B melts in tg = 20 min, how long will it 
take to melt all the ice of vessel C? Assume that the heating element, 
the ice and vessels remain in thermal equilibrium. 
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36. 


37. 


38. 


39. 


A cylindrical conductor is connected across a battery and when a steady 
state is reached, temperature of the conductor exceeds the ambient 
temperature by A0 = 16 °C. If the length of the conductor is reduced to 7 
= 0.8 times by cutting off extra length and other conditions are kept 
unaltered, by what amount will the temperature of the conductor 
change? 


In a laboratory where room temperature is 4 = 0 °C, temperature of a 
cylindrical conductor connected across a battery reaches a value 0 = 
(20V2) °C in steady state. Now the cylinder is uniformly stretched to 7 = 
2 times of its initial length and left connected across the same battery 
in the same surroundings. If resistivity of material of the conductor 
remains unchanged on stretching, find its temperature when it comes 
again in a steady state. 


Two identical metal spheres are immersed in a homogeneous medium of 
large extent. Radius of each sphere is negligible as compared to the 
depth of immersion and the distance between the spheres. When one 
sphere is connected with the positive terminal of a battery and other 
with the negative terminal of the battery using thin insulated 
conductors, current J, = 3.0 A flows through the battery. What current 
will flow through the battery, if one of these spheres is replaced by 
another sphere of radius 7 = 0.5 times of that of the previous sphere? 
Resistance of the conductors and the source can be neglected. 


It is desired to keep current in discharge process of a capacitor constant. 
For the purpose, following three schemes (a), (b) and (c) are suggested. 


(a)In this scheme, after closing the switch you have to vary resistance 
of the rheostat. The initial charge on the capacitance Co is qo and 
range of values of resistance of the rheostat is zero to Ry. Find the 
law R(t) according to which resistance of the rheostat should be 
changed with time. 

(b) In this scheme, a variable disk capacitor is connected across a fixed 
resistance Ry. After closing the switch, you have to vary the 
capacitance by rotating one of its plates. The initial value of 
capacitance is Co and charge on it is qo. Find the law C(t) according 
to which capacitance should be changed with time and corresponding 
angular velocity w(t) of one plate relative to the other. 

(c) In this scheme, a variable capacitor is used in which one plate can be 
shifted towards or away from the other fixed plate without changing 
overlap area. After closing the switch, you have to move the movable 
plate. The initial value of capacitance is Co and charge on it is qo. 
Find the law C(t) according to which capacitance and the distance 
x(t) between the plates should be changed with time. 


Three 1 Q, three 8 Q and three 3 Q resistances and three 5 uF capacitors 
are connected in the edges of a cube constructed by conducting wires. If 
an ideal battery of electromotive force 12 V is connected between the two 
diagonally opposite corners A and B of the cube, find charges on the 
capacitors. 


40. 


Al. 


43. 


44. 


46. 


In the circuit shown, ratio of capacitors is C,/C, = 4/3 and terminal 
voltage of the battery connected at the left end is Vp. What should be 
terminal voltage of the battery connected at the right most end so that 
the potentials of nodes 1, 2, 3, 4, 5 and 6 be in a geometric progression? 


C, 
It | If 


Y= QF Q: 


C C C 
3 G a mnop G 
II II 


ji | ji 
Cy Cy 


C,== Cy 


The circuit shown consists of two capacitors of capacitances C and 2C, a 
resistance R and an ideal battery of terminal voltage V. Initially the 
switch is open and the capacitors are fully charged. How much total heat 
will be dissipated in the circuit after the switch is closed? 


. Two identical parallel plate capacitors are connected as shown in the 


figure. Initially both have total charge qo and separation between their 
plates x. At an instant, plates of one capacitor begin to move towards 
each other and plates of the other capacitor away from each other. If 
velocity of a plate relative to the other in both the capacitors has the 
same magnitude v, find current in the circuit. 


A circuit consisting of an uncharged capacitor and a resistance sealed 
inside a black-box and two terminals are taken outside. At time t= 0 a 
capacitor of capacitance C = 1.0 uF having a charge qo = 50 uC is 
connected across the terminals taken outside the black-box. A plot of the 
charge on this capacitor with time is shown in the figure. Find resistance 
Rin and capacitance Cin that are inside the black-box. 


A thick spherical shell of inner and outer radii rı and rg is made of a 
material of resistivity p and dielectric constant &. Initially the shell is 
electrically neutral and has no charge accumulation anywhere. If at the 
instant t = 0, a point charge go is somehow placed at the centre, find 
charge on the outer surface of the shell as a function of time t. Ignore 
any effects due to magnetism or radiation. 


. Space between plates of a parallel plate capacitor is filled by a weakly 


conducting viscous fluid of resistivity p and dielectric constant «,. 
Distance between the plates is d. The capacitor is connected across an 
ideal battery of terminal voltage V and a small conducting and almost 
massless ball having a charge qo is released in the fluid. Force of viscous 
drag on the ball in the fluid is F = fv, where v is velocity of the ball and 
ĝis a known factor. If the ball stops before striking any of the plates, 
find the maximum distance the ball will move. Assume no gravity. 


In the setup shown, when a particle P of charge q and mass m enters 
with velocity u in an uncharged parallel plate capacitor of capacitance 
C, the switch is closed. If time spent by the charge particle inside the 
capacitor is negligible as compared to the time constant RC of the 
circuit, find how acceleration of the particle varies with time t. Assume 
that the particle neither collides with the plates nor affects charge 
distribution on the plates. Also, neglect the edge effects and gravity. 
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1. 


Check your understanding 


In the electric circuit shown, power dissipated in the resistances R and 
2R at an instant after the switch is closed are 9 W and 2 W respectively. 
What is the rate of increase in the energy stored in the capacitor at this 
instant? 


Midpoints of plates of a parallel plate capacitor are connected with the 
help of a light spring of stiffness k, relaxed length l and made of an 
insulating material. Each plate has an area A and mass m. One of the 
plates of the capacitor is given a charge +q and the other a charge -q 
and then the capacitor is allowed to discharge through a resistance R. 
Find expressions for total heat developed in the resistance under the 
following conditions. 


(a) Resistance R is very high. (b) Resistance R is very small. 


The circuit shown consists of two identical capacitor 10 uF each, a 1.0 
MQ resistor, three ideal voltage sources of terminal voltages 100 V, 550 
V, 200 V and three switches. Calculate amount of heat dissipated in the 
resistor over a long time after all the switches are closed simultaneously. 


. One plate of a parallel plate capacitor of capacitance C is connected 


through a resistance R; and a key to a conducting ball of radius r. The 
other plate of the capacitor is earthed through another resistance Rs as 
shown in the figure. The ball is far away from the earth as well as from 
the rest of the circuit. If the ball is given a charge Q and then the key is 
closed, what amount of heat will be dissipated in R, and R? 


Three identical thin metal plates each of area A are arranged parallel to 
each other with separation d between adjacent plates and the outer 
plates are connected through a high resistance R as shown in the figure. 
A charge Q is given to the middle plate and then the middle plate is 
quickly shifted towards one of the outer plates by a distance d/2. How 
much heat will be dissipated in the resistor after this shift? Neglect 
gravity and assume free space conditions. 


The circuit shown consists of two capacitors of capacitances 1.0 uF and 
2.0 uF, two resistors of resistances 10 kQ and 3 KQ and two switches. 
Initially the switches are open and the capacitors are charged to 
potentials 4.0 V and 6.0 V respectively according to the polarities shown. 
If both the switches are closed simultaneously, what are amounts of 
heat dissipated in the 10 KQ and the 3 KQ resistors over a time large 
enough for complete discharge of both the capacitors? 


% 


The given circuit consists of an ideal battery, n identical resistors each 
of resistance R and n + 1 identical conducting spheres each of radius r. 
Assume the balls to be at great distances from each other as well from 
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the circuit. Find the total charge finally accumulated on all the spheres 
after the key is closed. 
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2. A black-box has three terminals A, B and C coming out. If across A and 
B a voltage of 20 V is applied, the terminals B and C show 8 V across 
them. If across the terminals B and C a voltage of 20 V is applied, the 
terminals A and C show 15 V across them. If the black-box contains only 
resistances, suggest simplest circuit inside the black-box. 


3. A black-box containing an unknown electric circuit has three terminals 
A, Band C. Three different experiments were performed with the black- 
box by connecting a battery, a rheostat, an ideal ammeter and an ideal 
voltmeter. Measurements done in these experiments were recorded in 
graphs, which are shown together with corresponding circuit used. 
Suggest the simplest possible circuit or circuits in the black-box and find 
its parameters. 


Experiment-I 


> 
1 2 3 T/A 
Experiment-II 
1 2 3 T/A 
Experiment-III 
| > 
1 2 3 T/A 


4. A network shown in the figure consists of an ideal battery of terminal 
voltage Vo = 3.00 V, a milli-ammeter of very low resistance, four fixed 
value resistances and a rheostat. If on varying resistance of the rheostat 
from a large value to a vanishingly small value, reading of the milli- 
ammeter varies between J, = 0.75 mA to J, = 1.00 mA, find values of the 
fixed resistances R; and Ro. 
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5. In a well-known cube network, each edge contains a 24 Q resistor and 
additional 12 © resistors along each face diagonal. These resistors are 
only connected electrically at the corners of the cube. For the sake of 
readability, in the figure only some of these branches without the 
resistors are shown. Find equivalent resistance between two terminals 
connecting a face diagonal. 


6. In an infinite grid of hexagonal cells, resistance of each branch is R. 
Determine equivalent resistance of the circuit between the terminal 
pairs A-B and A-C. 


7. Find equivalent resistance of the infinite ladder network between the 
terminals A and B. 


A R R R R R R R R B 
ag ag ag ng NW ~Va VN SW 


R R R R R R R R 


8. An infinite network is composed of identical batteries and identical 
voltmeters. Reading of the leftmost voltmeter is V= 15 V and reading of 
a voltmeter is 1/7 times of the reading of the adjacent voltmeter to the 
left. Here 7 = 1.1. If the batteries and the voltmeters are not ideal, find 
the emf of a battery. 


IA‘ 9. Volt-ampere (V-I) characteristics of an incandescent lamp is shown in 
0.4 MEARE the adjoining figure. This lamp can withstand a maximum voltage 3.0 V 
HEH HHH and a maximum current 0.4 A. An infinite ladder network consisting of 
i FEE a large number of these lamps is also shown in the figure given below. 
How much maximum voltage can be applied between the terminals A 
and B, so that no lamp gets damaged? (Use V5 ~ 2.2). 
0.0 La 


00 10 20 30 VIV 


2@O7 OH O-@) 


B 
3kO 1kQ 10. In the network shown in the figure, ammeters A4, A, and A; are identical 
Ww a vw and internal resistance of the battery and internal resistances of the 
3kO Q 259 @ ammeters are much smaller than the six resistances connected in the 
A 2 network. Calculate readings of all the ammeters. 
=e Vi 3ko ©? 4ko 
T 11. A nickel wire when connected across an ideal battery, temperature of 


the wire increases by A6, = 100 °C after a long time. If the wire of half- 
length is used, by how many degrees will its temperature increase? 
Specific resistance of nickel depends on temperature @ according to the 
law p= po(1+ aA, where a = 0.0050 K ‘ and po is the resistivity at the 
initial temperature. 


12. 


13. 


14. 


15. 


Resistance R of a graphite resistor depends on its temperature acco- 
rding to the equation R = Rf, {1 -a(0-6, J} , where Ro and g are positive 
constants and temperature 0 is in degree Celsius. Rate of heat trans- 
ferred to the surrounding from this resistor is given by the equation 
H= B(O = 6, ) , where fis a positive constant and @ is the temperature 
of the surroundings. When this resistor is connected across an ideal 
battery and kept in a room maintained at 4, how does the steady state 


value of the following quantities depend on the electromotive force V of 
the battery? 


(a) Temperature of the resistor. (b) Current through the resistor. 


There are four identical resistors each in cylindrical shape. Their curved 
surfaces are thermally insulated therefore heat transfer can take place 
through their circular ends only. When one of them is connected across 
an ideal battery, its steady state temperature becomes 0, = 38 °C. Now 
the remaining three resistors are connected in series with very good 
electrical contacts and the pack is connected across the same battery. To 
what value will the temperature of this pack rise in steady state? Room 
temperature is ® = 20 °C and amount of heat transfer to the 
surroundings is proportional to the temperature difference between the 
resistor and the surroundings. Neglect thermal expansion and change 
in resistivity for the range of temperature involved. 


A container thermally insulated from the surroundings is divided into 
two parts by a heat-insulating piston that can slide in the container 
without friction. On one side of the piston, mass m, of gaseous hydrogen 
occupies volume V, and on the other side mass mz of gaseous helium 
occupies volume V2. Molar masses of these gases are My, and My. respe- 


ctively. The gases can be heated by two series connected heating coils. 
The resistance of the coil which heats hydrogen gas depends on absolute 
temperature T according to the law R, = Ro + AT. If the piston does not 
move after closing the switch, find the law describing dependence of 
resistance of the coil heating the helium gas. The gases always remain 
in thermal equilibrium with the heating coils. 


In an ice industry following scheme is used to cut ice into blocks of 
desired size. A large log of ice of thickness h is placed on a moving conve- 
yor belt and a taut vertical steel wire AB of radius r connected across an 
ideal battery of terminal voltage V, when comes in contact with the ice 
passes through the ice by melting it. Size and shape of a piece of ice is 
controlled by controlling motion of the ice-log and of the wire AB. In the 
given arrangement, the belt can carry the ice-log along the x-axis and 
the wire can move along the y-axis. Consider that the entire amount of 
heat developed in the wire AB is utilized to melt the ice and the ice is at 
its melting temperature. Specific latent heat of melting of ice is L, the 
density of ice is d and the resistivity of steel is p. 
(a) Find minimum time to cut a stationary rectangular log of length l 
and width b by moving the wire AB with a constant velocity. 
(6b) If the log is made to move with constant velocity v, with what 
velocity the wire has to be moved for most energy efficient cutting. 
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16. A schematic representation of a Van de Graff generator is shown in the 
figure. A belt B of thickness h and width b made of a material of 
dielectric constant ¢, running on two fixed wheels is set into motion with 
the help of a small electric motor (not shown). Linear speed of the belt 
is v. The belt passes between the plates of a parallel-plate capacitor C 
connected across an accumulator of terminal voltage V. The plates of the 
capacitor are a short distance d apart and do not touch the belt. Charges 
appearing on the outer surface of the belt is collected by the brush B, 
and fed to a spherical conducting dome D of radius R to create the 
desired high electrostatic voltage. The charges on the inner surface of 
the belt are collected by brush Bo and discharged to the ground through 
an ammeter A. Neglect size of the holes cut into the dome at the 
entrance and the exit of the belt. 


Find suitable expressions for the following. 


(a) The surface charge density œ of polarization charges on the belt 
when leaving the capacitor. 

(b) The charge q collected by the spherical dome after time t measured 
from the beginning of operation. Assume that all the polarization 
charges collected by the brush B; are transferred to the dome and 
there is no leakage of charge from the surface of the dome. 

(c) Current J shown by the ammeter. 

(d)Find steady state charge q on the dome considering the air as 
medium of very high resistivity p. 

(e) At sufficiently high voltages, the dome loses charge into the 
surroundings by a faint discharge process known as corona 
discharge. Find the steady-state charge q on the dome during corona 
discharge, if current density in air during corona discharge is given 
by the following relation. 


Here £ is a known constant. 


resistances R, = 10 kQ and R» = 5 KQ. A capacitor of unknown capacit- 

1 R 2 R 38 ance C (few microfarads) is connected in parallel with the resistance R: 

{if as shown in the figure. Voltage applied across this branch i.e. between 

VV the terminals 1 and 3 is made to vary periodically with time in such a 

manner that voltage V2 across the resistance R varies with time as 

shown in the graph. When a steady state is reached, fluctuations in 

0 capacitor voltage are negligible as compared to the average voltage on 
the capacitor, find the average voltage across the resistance Rj. 


Jj 17.A branch of a circuit consists of two series-connected resistors of 
—v Wv VVV 


A 18. Plates of a parallel plate capacitor have area A and distance between 

them is 2d. A dielectric slab of area A and of thickness d made of a weak 

conducting material of resistivity p and relative permittivity & is 

i inserted in the capacitor. The plates are connected across an ideal 
battery of electromotive force V through a switch. 


FQ 


Find the following quantities. 
(a)Maximum current within the dielectric. 


19. 


20. 


Challenge your understanding 


1. 


(b) Initial and final charges on the capacitor plates and on the faces of 
the dielectric. 

(c) Time constant of charge building process on the faces of the 
dielectric. 


Linear dimensions of plates of a parallel plate capacitor are [xl and 
distance between them d is much smaller than /. Half of the space 
between the plates is filled with a mica sheet of thickness d/2 and di- 
electric constant ¢,. The plates are connected across an ideal battery of 
terminal voltage V through a resistance R. The mica sheet is slowly 
pulled out of the capacitor with a constant velocity v. Find heat 
developed in the resistance. Permittivity of free space is £. 


In the circuit shown, initially the switch is open and all the capacitors 
are uncharged. Consider the first 100 s interval after the switch is 
closed. Find the total energy stored in the capacitors and the total 
energy dissipated in the resistance in this 100 s interval. Internal 
resistance of the battery does not exceed a few ohms. 


| | 


C,=3 uF C;=6 pF 
R=100k9 
| | 

C = 6 pF C,=3 pF 


Vo = 200 V 


fF oe 


A material has anisotropic resistivity such that is its resistivity in one 
direction say along the x-axis has a maximum value pmax and a minimum 
value Pmin = 0.4Pmax 1n all other directions perpendicular to the x-axis. A 
strip ABCD of length l = 9.0 cm and width b = 1.0 cm is cut from a 
specimen of this material in such a manner that the x-axis passes 
through the strip, making an angle @= sin™!(3/5) with the edge AB as 
shown in the figure. If a constant potential difference V = 196 V is 
applied between the faces AD and BC, how much potential difference 
will be developed between midpoints P and Q of the edges AB and CD 
respectively? 


In the arrangement shown, a pulley is suspended from a fixed support 
with the help of a spring. A uniform resistive wire connected between 
immovable terminals A and B, passes over the pulley. A resistance R 
connected between the terminals A and B is also connected in parallel 
with the resistive wire. Resistance r of the resistive wire is much larger 
than load resistance R which is also much larger than R i.e. r >> Ry >> 
R. The spring supporting the pulley always keeps the resistive wire taut. 
The pulley wheel and its axle are made of conducting materials to 
establish electrical contact of the resistive wire with the terminal C. 
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ANSWERS 
AND HINTS | Multiple Choice Questions | 


(a) 
(c) 
(d) 
(b) 
(c) 
(b) 


When the switch is closed, the pulley wheel starts rotating very 
gradually and stops rotating after some time. 


A 


B 
ili 


(a)Why does the pulley wheel rotate and why does it stop after some 


time? 


(b)Show that the angular displacement of the disk is approximately 
proportional to power consumed by the resistance Rz. 


3. What maximum potential difference can you obtain with the help of a 
battery of terminal voltage V = 1.5 V and two capacitors C; = 2 uF and 


C =3 uF. 


7. (a), (b), (c) and (d) 
8. (©) 
9. (œ) 
10. (c) 
11. (b) 
12. (b) 


13. (a) 19. (c) 
14. (c) 20. (b) 
15. (b) 21. (c) 
16. (b) and (d) 22. (d) 
17. (d) 23. (b) 
18. (d) 24. (c) 

25. (c) 


Build-up your understanding | your understanding 


fal 


b 


g 


A; =9x10* V/m 
lelr 


4. 


Qa =-Qc=27HaVo and Qp=0 


Steady state current circulating in the 
circuit maintains the terminals A, B and C and 
hence the spheres connected with these 
terminals at constant potentials. The total 
charge on the spheres, which is zero, gets 
redistributed among the spheres in accordance 
to the potentials acquired by them. 


3 km 


6. 15A 
7. 2.0 A, 4.0 A and 2.0 A 
8. 20A 
9. 100 Q 
This problem cannot be solved under the 
assumption that the battery has no internal 
resistance. 
10.n=71 
2 
(1+ 4kRV, -1) 
11. I= i 
4kR 
12.75 V 
Express relation between voltage across 
the device D and current through it with the 
help of the given circuit and then plot it on the 
given graph. 
13. Q 
3 
14.3 Q 
15. If R, e R,, the battery current is 0.35 A. 
If R, e R,, the battery current is 0.4 A. 
16. V =50-4I 
The terminal to the right is at higher potential. 
Voltage V across a resistive branch and 
current J through it can be expressed by a linear 
equation of the form V =al+b. Here a and b 
are constants. 
17. A ‘ieee Cc 
y 1750 
4.5 
B J D 
18. 2 and 25 
2 8 


The situation can easily be handled using 
superposition theorem together with symmetry 
considerations. We elucidate the idea here by 


calculating resistance between the terminals A 
and B. 


Consider two constant current sources or 
equivalently voltage sources of infinitely large 
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internal resistance; one of the source is 
connected between the terminal A and an 
infinitely distant point on the grid and the other 
source between the terminal B and an infinitely 
distant point on the grid. The polarities of the 
sources are such that the current enters the grid 
at terminal A and leave the grid at terminal B 
or vice versa. Let current from each of these 
sources is I. 


1 1 1 1 
Í 1 1 1 


According to the superposition theorem, net 
current in the branch AB of the grid is the 
algebraic sum of individual contribution of each 
source. While calculating individual contribut- 
ion of a source, the other source has to be 
replaced by its internal resistance. 


In the following two figures distribution of the 
currents is shown assuming only one source 
connected at a time. In the branches connected 
to the terminals A and B, currents are distribu- 
ted equally due to symmetry. 


Now the superposition theorem suggests that 
the net current is equally divided between the 
branch AB and in rest of the grid. This idea is 
shown in the following equivalent circuit. 


r- Branch AB ~- 
Ip | 


lean A ANALE AAEE | 


The above equivalent circuit suggests that 
resistance of the branch AB is equal to the 
equivalent resistance of the rest of the grid and 
both of them are in parallel so the net 
equivalent resistance of the grid between the 
terminals A and B must be R/2. 
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19. 


20. 


21. 


22. 


23. 


24. 


26. 


27. 


(1+2V2)R 


2 
Figure-II: V2R 


Figure-I: 


R 


V3 


All the nodes on the lines CD and EF are 
at the same potential that is arithmetic mean of 
the potentials of the nodes A and B. 


C | D 
F 


B 


2.0 V, 2.0 V and 4.5 V 


V, V (R; = R,) 
V, (Ro -R,)- V; (Ro —R,) 
Since the voltmeters are identical and 
read different voltages between same pair of 


nodes, therefore they cannot be ideal volt- 
meters. 


CATAR By 


=3.0 V 


2 
a =2.91V 
V, +V, 
= ul = 2.0 Q 
Ld, 
R, =“ =200 
I, 
A @—“ 29.90 
dy dy 
Yala =1.8V 
VV, + VV; - VV, 
V 2V 
V, =V, =— and V, = — 
A BO and Vo 9 


An ideal voltmeter also draws a negligibly 
small current to actuate its pointer mechanism. 


29. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


RR, 
R, +R, 


The ohmmeter is so calibrated that it 
reads ratio of potential difference across its 
terminals and current flowing through it; 
therefore, current flowing through the 
ohmmeter can be expressed as ratio of potential 
difference across its terminals and resistance 
that it reads. 


R= =20 Q 


.= 4.0 mW 
. 309,6 V 
. 128 W and 32 W 


Pe (ViR, +V,R,) 
R +R, 4R R, (R, + R,) 
. Never 


2 


ms 2 
k ul Jao =90°0 
n 


6, +(0-a)(2] =5.0 °C 


2nly oon 
n+1 


t 
(@ RW =R [1-5] 


00 


t mT 
b) Clt)=C,}1- d t)= 
œ) Cle) | Re) ™ 0-3 
t x RC 
C(t)=C./1-— d t)——o oro 
k K | ie ee RC, =t 


40 uC on each 


av, or Vo 
3° 
2CV" 
3 
qv 
2x 
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43. 


44 


45 


46 


C, = Grand = 4.0 pF 
qo 
au _=2.0kQ 
dq 
° dt lizo 


t 
» dqa 41- exp| - 
| l A 


Product of resistance and capacitance of 
the medium between the shell and the ground 
equals the product of resistivity and permitti- 
vity of the medium. 


RC = pe 


PE, Eoo V 
, Bd 

Charge of the ball leaks due to its own 
electric field only. 


qvi 
mdRC 


~ a= 


Check your understanding 


1. 


2Qre,r(n+1)V, 


In steady state, the terminals of the 
resistors and hence the spheres connected with 
them are at constant potentials. Moreover, due 
to the grounding of the right most terminal, we 
are not sure that whether the total initial 
charge of these spheres gets redistributed or 
some charge transfer takes place between the 
spheres and the earth. Therefore, the only way 
remaining to find the total charge is to sum up 
product terms of capacitances of the spheres and 
their potentials. 


A OR A 

R 2R B 2R/3 Lp 
R 2R 

C C 


A 
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4 W 

as ql E qt 
26,A 8e kA’ 

(b) q’l qt 


26,A 4e2kA? 


The discharge process is very slow, if the 
value of the resistance is very high and vice 
versa. 


1.6 J 
Rg 
Szer (R, + R, )(C + 4rzer) 


R,CQ’ 
Szer (R, + R,)(C + 42,r) 


and 


Qd 
166, A 


20 uJ and 24 uJ 


V, 
R =7y(h+ T, (I, -1,))=6 kQ or 2 kQ 
and 
V, 

RFT (1, 7JL -1,))=2 kQ or 6 kQ 
TO 

2k and R 

3 


R(i +5) 
(7-1)V =1.5 V 


z4.2V 


Current in all the bulbs except the first 
one is less than 0.25 A. 


0.2 mA, 0.1 mA and 0.3 mA 
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11. so {Vi + 16a(1+ 28 )a6 -1} = 261 °C 


1 Vv) 
Ba adh 1 aj 


m,M,, V, 
14. | R +AT M 3V 
mM, v, BV, 


2L ably 
15. (a) 22I A 


ve y 
© || | -2 
2Ldh’ p 


Maximum speed of wire relative to the ice 
block is 


o ary’ 
— 2Ldk?p 
_ £0 (€,-1)V _ & (£, -1)Vbut 
= aan V 
7 E lE, = 1) Vbv _ pbve (£, -1)V 
Gae daa V aah 
F _ 276, R? bi Pe Bl (e, -1)bvV i 
pp mR? \e(d-h)+h 
17.40 V 
VA 
18. (a) dp(e, +1) 


EE, VA 


b) Initial ch the plates = 
(b) Initial charge on the plates d(é, +1) 


Initial charge on the faces of the dielectric 


_ & (e, - 1)VA 
7 d(e, +1) 
Final charge on the plates = ae 
Final charge on the faces of the dielectric 
_ EVA 
d 
(e) t =2p8, 
273 zi 2 
19. £L &—1) yy 
d katl 
20. Stored energy: 9.0 x 1072 J 
Energy dissipated: 1.0 x 102 J 


In a negligibly small duration of time 
immediately after the switch is closed, before an 
appreciable amount of current starts to flow 
through the resistance, all the capacitors get 
charged and the resistance can be treated like 
an open circuit as shown in the figure. 


C, = 6 uF C,=3 uF 
Vo = 200 V 


H 


Time constant of the circuit is of the order of 
milliseconds, therefore 100 s after the switch- 
ing, it can be assumed that steady state is 
reached and processes of charging the capacitor 
is over, making current through the resistance 
and potential difference across it to vanish. Now 
the resistance can be treated like a short circuit 
as shown in the figure. 


(T 


| C,=3 uF C,=6 uF 
C,=6 uF C,=3 pF 


aa 


| os. 


V -Vg = 


Challenge your understanding 


DV (Prax = Pain Sin. O cos 0 = 8.0 V 


l( Prox cos’ 0 + Pi sin” 0) 


(a) Since current in the portion AA, of the 


resistive wire is more than the current in the 
portion B,B, thermal expansion in AA, will 
be more than that in B,B. The spring-loaded 
pulley always keeps these portions taut and 
the wire does not slide over the pulley wheel, 
therefore pulley will rotate to compensate 
the unequal thermal expansions. Moreover, 
the process will take place very slowly 
because thermal expansion in the resistive 
wire is a slow process. 
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all 


A sufficient time after the key is closed, rate 
of heat developed in both the portions of the 
resistive wire becomes equal to the rate of 
heat dissipated by them, and therefore their 
temperatures will acquire steady values 
ceasing any further thermal expansion and 
hence rotation of the pulley wheel. 


3. 2V 


0 


S +3C, 


oe) =6.6 V 
C, +C, 
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Magnetic field, force on current carrying 
conductor in magnetic field, force on a 
moving charge in magnetic field, Lorentz 
force equation, Biot-Savart’s law, Gauss’ 
law, Ampere's law in free space, general- 


ised Ampere’s law and magnetic field 


intensity, |magnetisation, the three 
magnetic field vectors, magnetic energy 
density. 


BACK TO BASICS 


Magnetic field: 
A physical property that accounts for magnetic effects existing in the 
surrounding region of an electric current and magnets or equivalently 
moving charges. 
Force on current carrying wire in a magnetic field: 
Force on an infinitesimal length dl of a wire carrying current Jin a magnetic 
field of flux density B is given by the equation. 

F =1(dl xB) 
Here the vector di is in direction of current flow and the product term Tal 
is usually called a current element. 


Magnetic flux density also known as magnetic induction is a measure of 
strength of magnetic field. 


A term magnetic field is often used to refer magnetic flux density or 
magnetic induction. 


“| can live with doubt and 
uncertainty and not knowing. 
| think it is much more 
interesting to live not 
knowing than to have 
answers that might be 
wrong.” 


Richard P. Feynman 
(11 May 1918 — 15 February 1988) 
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Force on a moving charge in a magnetic field: 

Force on a particle of charge q moving with velocity U in a magnetic field 

B is given by the equation 

F= q (g xB ) 

Lorentz force equation: 

Force on a particle of charge q moving with velocity U in a region where an 

electric field E anda magnetic field B both coexist is given by the equation 
F =q(E+o0xB) 

This force is invariant in all reference frames. 

Biot-Savart’s law: 


Magnetic field dB in free space at a distance r from an infinitesimal length 


di of a wire carrying current J is given by the equation. 


Jĝ- fe lal x? 
4n r°? 
Lh = Permeability of free space = 47 x10” Le or a 
m 


Gauss’ law for magnetic field: 


Net flux of magnetic field through any closed surface is always zero. 


fB-dS =0 


Ampere’s law for free space: 


Circulation or line integral of magnetic induction vector B on a closed path 
equals the product of permeability of free space and the net electric current 
crossing a surface bounded by the closed path. 


$B-di = u,[F-a8 


Magnetic intensity or magnetic field intensity: 


Actual current employed to produce magnetic field is the only current, 
which we can control (switch it on and off, change its intensity or direction, 
etc.). Therefore, to describe magnetic field, we have to define a vector 
quantity that depends only on the actual current employed to produce the 
magnetic field and is independent of the medium. This quantity is the 
magnetic intensity H. 


=- B 
H=— 
u 
Here wis the permeability of the medium and B isthe magnetic induction 
in the medium. 
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Generalised Ampere’s law and magnetic field intensity: 


Magnetic intensity H depends only on the actual current employed in 
producing the magnetic field and is independent of the medium; therefore, 
its line integral over a closed path depends only on the actual current 
crossing the surface bounded by the closed path. 


fH -di =/J-as 


Magnetisation: 
In a bulk of material, atomic magnetic moments add up vectorially and can 


give a net non-zero magnetic moment. We define magnetisation M ofa 
sample to be equal to its net magnetic moment per unit volume. 


The three magnetic field vectors B, H and M: 
B= m (B+ i) 


Magnetic field energy density: 


When in a region magnetic field is established, energy is stored in that 
region. This stored energy per unit volume is given by the equation 
1 H? = B 


u =— -= 
a Fon 


~ 
e & 
| Multiple Choice Questions | Choice Questions 


1. Current J flowing along edges of one face of a cube as shown in the 
figure-I, produces magnetic field B = Bj at the centre of the cube. 


Consider another identical cube, where the current J flows along the 
path shown in the figure-II. How much magnetic field exists at the 
centre of the second cube? 


(a) Zero (b) B, (i+j+k) 


(c) B,(-i+j +h) (d) B,(-i+j-&) 


2. A parallel plate capacitor consists of square plates of edge length a 
separated by a distance d that is much smaller that the edge length. It 
is charged to a potential V and made to move with a constant velocity v 
directed along one of its edges. How much magnetic field exists inside 
the capacitor? 


(a) vee vV 


(b) ee vV 


pegi av 


(c) (d) None of these 


Figure-I 


‘Figured 
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A long straight conductor has uniform cross-section in the shape of two 
identical overlapped circles with centre-to-centre spacing a. Material 
from overlapped section has been removed from entire length of the 
conductor and portions to the right and to the left of the y-z plane are 
insulated from each other. These portions carry uniform currents of 
current density J in the positive and negative z-directions respectively. 
Permeability of both the conductors is the same as that of vacuum. 
Which of the following statements best describes magnetic field in the 
empty space inside the composite conductor. 


(a) It is nonuniform and points in the positive y-direction everywhere on 
the y-axis. 

(b) It is nonuniform and points in the positive y-direction everywhere on 
the x and y-axes. 

(c) It is uniform, points everywhere in the positive y-direction and has 
magnitude 4m Ja . 

(d)It has different directions at different points but the same magnitude 
MIA. 


Several a-particles of different speeds enter a uniform magnetic field 
confined into a cylindrical region. If all the a-particles enter the field 
radially, what can you say about time intervals spent by them in the 
magnetic field? 


(a) Faster is the particle, lesser is the time. 
(b) Slower is the particle, lesser is the time. 
(c) Slower is the particle, greater is the time. 
(d) The time is same for all the particles. 


A positively charged particle P crosses a region of uniform electric field 
of intensity E. Velocity u of the particle at the entry on the left side of 
the region is perpendicular to the electric field as shown in the first 
figure. Speed of the particle at exit on the right side is vı. Now the 
experiment is repeated with a uniform magnetic field of induction B 
superimposed on the electric field as shown in the second figure, keeping 
entry velocity of the particle unchanged. In this experiment, speed of the 
particle at exit on the right side is vg. What can you conclude regarding 
the speeds vı and v2? 


(a) If w< =, then U, <u; (b) If w=, then U, < V; 


(c) If u=% then U, =U, (a) If u>=, then U, <U, 


A particle of mass m and charge q is moving with a constant speed in a 
region of space, where a uniform and constant magnetic field B andan 


electric field E coexist in mutually perpendicular horizontal directions 
in addition to gravitational field of intensity g. After the magnetic and 
electric fields are switched off, the minimum kinetic energy of the 
particle is observed to be half of the kinetic energy when all these fields 
were coexisting. What can you certainly conclude for component of 
velocity of the particle along the direction of the magnetic field? 
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(a) 0 

EY) (mg) = 
(b) Bl T pointing opposite to B 

EY (mgY D 
C) I =l- mE pointing in the direction of B 

B qB 

2 2 
ME 


pointing either in direction of or opposite to B 


(d) 


bo] 
| 


qB 


In a region of free space, where a uniform and constant electric field of 
intensity E anda magnetic field of induction B coexist, an electron 
projected with speed v in the positive x-direction, moves undeviated 
without change in speed. In addition, an electron projected with velocity 
v in the positive y-direction in this region; also, moves undeviated 
without change in speed. Which of the following conclusions can you 
make? 


(a) lz] < vI BI 
(b) |E| =v Bl 
(c) The electric field is perpendicular to the x-y plane. 


(d)The magnetic field is either at 45° or 135° with the positive x- 
direction. 


A rigid square loop of side length / carrying an electric current is held 
motionless on a frictionless horizontal tabletop. A uniform magnetic 
field pointing upwards is switched on everywhere to the left of the 
dashed line as shown in the figure and then the loop is 
released. Considering different lengths of the side segments x and y (x < 
y), which of the following conclusions can you make? 


(a) If x< i and y= 7 the loop starts rotating anticlockwise. 
(b) If x< . and y< 7 the loop starts rotating anticlockwise. 
(c) If x< y and y> 7 the loop starts rotating clockwise. 


(d)If x< i and y> 7 more information is required to decide which way 
the loop starts rotating. 


Two coaxial circular coils of radii a and b are separated by a large 
distance x and carry equal currents I. If a >> b, what is the force of 
mutual interaction between them. 


TI’a’b 3zu, I abx 
(a) os ie (b) a 
(a? +x?) (a +x?) 
23 2 2,2 
(o) Tyla b d) 3zi l a b x 


(a +x? y 2(a° +x? 1 
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10. 


11. 


12. 


Questions 10 to 12 are based on the following write-up. 


Electric field of a small electric dipole and magnetic field of a small 
magnetic dipole (a small current loop) have identical patterns. This 
similarity in field patterns is not only limited to geometrical appearance 
of the field lines but also extends to mathematical expressions for fields 
of both of these dipoles at large distances. 

We also know that electric dipole moment and magnetic dipole moment 
are vector quantities. The electric dipole moment vector p points from 
the negative charge towards the positive charge constituting the dipole. 
Direction of the magnetic dipole moment vector m is decided by the 
right hand rule. For this purpose, fingers of right hand are curled along 
the direction of current flow and the thumb pointing outwards indicates 
the direction of magnetic dipole moment vector. 

If in the expression of electric field due to an electric dipole we replace 
the constant (47é))"1 by wo(4)! and electric dipole moment p by mag- 
netic dipole moment m, we obtain expression for magnetic field due to 
a small magnetic dipole. 


In the given figure, dipole moment m of a small magnetic dipole placed 
at the origin is shown by a small directed line segment. Magnetic 
induction vectors at distant points A (0, y) on the y-axis and B (x, 0) on 
the x-axis respectively are 


MyM + MyM ^ MyM ^ MyM > 
a and l} b and 1 
(a) Ary? Qnx* @) Qnry* d Anx® 
Hom ^ Hom ^ Mom ^ MyM + 
Cc and — d and 
C Any" i Qnx?° @) Qry" d A4nx® : 


If unit vectors in the radial and the transverse directions are denoted by 
ê and é,, magnetic induction vector due to the dipole at a point P 


shown in the figure is given by 


OE Hom ~p ((2cos0)ê, +(sin@)é,| (b) ro ~ ((2cos0)ê, -(sind)é a) 


(c) x {(cos@)é, +(2sin6)é,} (d) xn {(cosA)é, -(2sin0)ê 7 


A small magnetic dipole of magnetic moment MpJ is placed at the point 


P. Find work done by the forces of magnetic interactions, if this new 
dipole is rotated to align it along the iy vector of the point P. 


(a) a A cos 0(2 sin 0) (c) AT Me sing (2- cos) 
(b) Homme Hs aoe 3cos” 0) (d) Homme anme eosa- 3sin” 0) 
Anr® 4rr? 


Questions 13 to 15 are based on the following physical situation. 


In a homogeneous, non-magnetic, highly insulating and viscous 
medium, a moving particle experiences a viscous drag given by equation 
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f =-—bü . Here b is a positive constant and U is velocity of the particle. 
A particle having charge q projected with an unknown velocity from a 
point in the medium almost stops (its speed becomes practically 
negligible) after travelling a distance of 10 m in a straight line. 

Now a uniform and constant magnetic field is established in the region 
and the same particle is again projected with the same velocity directed 
perpendicular to the magnetic field. 


13. In the presence of the magnetic field, the particle moves 


(a) on a circular path. (b) on a helical path. 
(c) spiralling into a point. (d) spiralling away from a point 


14. In the presence of the magnetic field, if the particle practically stops 6 
m away from the point of projection, the magnetic field is equal to 


4b 3b 
(a) 3q (b) Ag 
3b 5b 
(c) ay (d) 3q 


15. Magnetic induction is now doubled in magnitude without altering its 
direction. How far from the point of projection will the particle 
practically stop? 


V73 8 
gon © Ta” 
20 30 
R Tz ™ 


Build-up your understanding 


1. A lamina made of an insulating material carrying some amount of 
charge is placed in the x-y plane of a coordinate system as shown in the 
figure. Electrostatic potential at the origin O due to the charges on the 
lamina is Vo. Now the lamina is made to rotate with a constant angular 
velocity w about the z-axis. Find magnetic field at the origin created by 
the moving charges of the lamina. 


N 


A long cylindrical dielectric rod of radius r and length l (l >> r) carrying 
uniform charge of surface charge density o on its curved surface is 
rotating with a constant angular velocity œ about its own axis. Find 
magnetic induction at the centre of the rod. Relative magnetic 
permeability of the material of the rod is 44. 
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Consider two infinitely long coaxial dielectric cylindrical shells. The 
inner and the outer shells are of radius R; and Rə and carry uniform 
charges of surface charge densities o, and oz respectively. These shells 
begin to rotate in the same sense with angular velocities w; and øz. 


(a) Find magnetic induction B at a distance r from the common axis. 
(b) Find pressures pı and pə on the surfaces the inner and the outer 
cylinders due to magnetic forces. 


An isolated conducting sphere of radius R maintained at a potential V 
is being rotated at a constant angular velocity w about one of its 
diameter. Find magnetic dipole moment m of the sphere and magnetic 


induction B at its centre. 


A uniform electric field is established inside a long cylindrical straight 
rod along its axis. Energy density of this electric field is uniform and is 
equal to ug = 2 x 10°17 J/m. Inside the rod, energy density of magnetic 
field is nonuniform and assumes a value upg = 0.4 J/m? at a distance r = 
2 cm from the axis of the rod. Find electrical resistivity of the material 
of the rod. 


A particle of mass m and charge q is projected from the origin with a 
velocity v in the positive z-direction. Above the plane z = 0, a uniform 
and constant magnetic field of induction B, exists in the positive y- 
direction and below the plane z = 0, a uniform and constant magnetic 
field of induction B, exits in the positive x-direction. Determine 
coordinates of the point where the particle crosses the plane z = 0 third 
time. 


In a region of free space, a uniform magnetic field of induction B varies 
with time t as shown in the graph. At the instant t = 0, a particle of 
charge q and mass m enters the region with a velocity v perpendicular 
to the direction of the magnetic field. Neglect the influence of the 
induced electric field and explore motion of the particle. For what values 
of the charge q, will the particle follow a closed path? 


In a hollow rigid cylinder of radius R gravity is absent and a uniform 
magnetic field of induction B is established everywhere parallel to the 
axis of the cylinder. The cylinder is made of an insulating material and 
is fixed by some external means. A very small ball of mass m and charge 
q is projected normally from a point P on the inner surface of the 
cylinder. If the ball returns to the point P after a certain number of 
elastic collisions with the cylinder, find range of velocity v of projection 
of the ball. 


In a region of space, a uniform static magnetic field of induction B, is 
established above the x-z plane and another uniform static magnetic 
field of induction Bə (> Bı) is established below the x-z plane. Both the 
fields are in the positive z-direction. A particle of mass m and charge q 
is projected from the origin with velocity v making an angle 0 with x- 
axis as shown in the figure. Find average velocity of the particle in a 
large time interval. 


10. 


11 


12. 


13. 


14. 


15. 
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A dumbbell is made by fixing two particles at the ends of a thin rigid rod 
of length l. The particles carry unlike charges of equal modulus q. The 
dumbbell is moving in a region of space, where a uniform magnetic field 
of induction B pointing everywhere in the positive z-direction is present. 
At a particular instant when the rod of the dumbbell makes an angle 0 


with positive x-direction, it is rotating with angular velocity ok and its 
centre is moving with velocity v, = v,i +0,j . Find net force F on the 


dumbbell and net torque 7 about the centre of the dumbbell at this 
instant. 


. A long thin inextensible light thread is wound on a fixed cylinder of 


radius r and a positively charged bead P of mass m is attached to the 
free end of the thread. A uniform magnetic field of induction B directed 
along the axis of the cylinder exists in the region surrounding the 
cylinder as shown in the figure. Initially the thread is fully wound on 
the cylinder and the bead touches it. If the bead is projected with a 
velocity v radially away from the cylinder, it will eventually touch the 
cylinder tangentially. What should be the magnitude of charge on the 
bead to fulfil the above-mentioned conditions? 


An insulating bead of mass M and total charge q spinning with angular 


momentum L enters a region of uniform magnetic field with a velocity 
that is in the direction of its angular momentum vector. If the velocity 
vector and the angular momentum vector always remain parallel to 
each other and the bead moves on a circular path, find magnetic dipole 
moment vector of the bead associated with its spin. 


In a uniform magnetic field from a point O, a particle of charge q and 
mass m is projected with velocity u at an angle Owith the magnetic field. 
For what value of magnetic induction will the particle pass through the 
point P that is a distance l apart from the point of projection as shown 
in the figure? 


In a region of space, a uniform magnetic field of induction B is 
established everywhere pointing in the positive x-direction. A rigid 
plane is fixed perpendicular to the x-axis at a certain distance from the 
origin. A particle of mass m and charge q is projected from the origin 
with its velocity vector u in the x-y plane making an angle 8 with the x- 
axis as shown in the figure. After an elastic collision with the plane, the 
particle loses half of its charge and then returns to the point of projection 
crossing the x-axis n times. Find distance of the plane from the origin. 


Consider the arrangement shown, where distance between the plates of 
a parallel plate capacitor is d. When a potential difference Vis applied 
between the plates, electrons are emitted from the negative plate with 
negligible initial velocity. These electrons are attracted towards the 
positive plate creating a small electric current, which is registered in a 
micro-ammeter. What minimum magnetic field must be applied 
perpendicular to the electric field in the capacitor so that the micro- 
ammeter registers no current? Denote charge and mass of an electron 
by symbols e and m respectively and neglect effects of gravity. 


© 
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16. 


17. 


18. 


19. 


A small ball of mass m = 1.0 g and charge q = 2.0 uC is falling vertically 
with terminal velocity u = 0.1 m/s in a viscous fluid. After a uniform and 
constant horizontal magnetic field of induction B is switched on, it is 
observed that the ball acquires another terminal velocity and power 
dissipated in the viscous fluid becomes 7 = 0.5 times of the power 
dissipated prior to switching on the magnetic field. At what maximum 
value of magnetic induction is this possible? Dependence of the viscous 
forces on the velocity is unknown. 


In a region of space, a uniform electric field of strength E, a uniform 
magnetic field of induction B and a uniform gravitational field of 
strength g coexist in mutually perpendicular directions. A charge 
particle is moving with a uniform velocity in this region. Once the 
particle leaves this region and begins moving into another region where 
there is only gravitational field of strength g, its speed begins to 
decrease. How long after departure from the first region, will the 
velocity of the particle become minimum? 


In a region of space, a uniform magnetic field of induction B = -BÉ is 
established. A particle moving with velocity U in this region experiences 
a viscous drag f =—kv , where k is a positive constant. A particle of mass 
m and charge q is projected with velocity ti = ui in this region. Find its 
displacement when it practically stops. 


A particle of mass m and charge q is projected with a velocity vp in a 
viscous medium, where a uniform and constant magnetic field of 
induction B exists everywhere in a direction perpendicular to the 
direction of projection of the particle. The force of viscous drag on the 
particle is given by the law f =—bv, where b is a positive constant and 
ü is velocity of the particle. Find distance travelled by the particle 
during a time interval from the instant of projection until velocity vector 
turns by 27 radians. 


. Arigid ring is made to roll along the ceiling of a room, where a horizontal 


uniform and static magnetic field of induction B exists perpendicular to 
the plane of the ring. Velocity of the centre of the ring is constant and 
its modulus is v. A charge particle P of mass m is fixed on the ring. What 
should the charge q on the particle and radius r of the ring be so that 
there is no force of interaction between the ring and the particle? 


. Aring of radius r made of an insulating material has mass m and carries 


uniform charge. Initially it rests on a frictionless horizontal tabletop 
with its plane vertical. A uniform horizontal magnetic field of induction 
B pointing everywhere parallel to the axis of the ring is established in 
the region to the right of a vertical plane AA as shown in the figure. The 
ring is pushed forward to acquire a velocity vg without any rotation. 
What should the charge on the ring be so that it starts rolling on the 
tabletop after completely entering the region of the magnetic field? 
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22. An insulated conducting rod in shape of a five-point star like planar A 
structure carries a current J. In the regions to the left and to the right a e 
of a line AAs, uniform magnetic fields each of induction B exist 


perpendicularly into and out of the plane of the star as shown in the Be. eB 
figure. If length of a side of a unit cell of the grid shown is J, find force of L 
interaction between the current and the magnetic field. AHHH 


Ay 
23. A uniform rod of resistance R is bent into a ring of radius r. The ring is > 
placed in a uniform magnetic field of induction B directed parallel to its 3 B 
plane. You have an ideal battery of electromotive force & How will you ( ) 


connect this battery between two points on the ring to obtain maximum 
force on the ring and how much is this maximum force Fmax? 


24. A schematic model of a current limiter consists of a conducting half ring © e e © @ œ 
of radius r and mass m, one end O of which is hinged while the other 
rests on a fixed metallic support P. The ring can rotate in a vertical plane 
without friction in presence of a uniform horizontal magnetic field of 
induction B pointing perpendicular to the plane of the ring. The ring is 
connected in series in a branch of a circuit through the hinge O and the 
metallic contact P. Find the minimum current, at which the limiter 
opens the circuit. The acceleration of free fall is g. 


25. A thin uniform conducting disc of radius r and mass m rests on a 
horizontal tabletop where a uniform magnetic field of induction B 
pointing vertically upwards exists. Coefficient of friction between the 
disc and the tabletop is uw. Two points P; and P» on the rim of the disc 
are connected with two flexible wires, which facilitate a current to flow 
through the disc. The contact points P; and Ps subtend an angle @at the 
centre of the disc. How much minimum current must flow through the 
disc so that it begins to slide? Acceleration of free fall is g. 


26. A conducting fluid of mass density pm and electrical resistivity p, is kept 
in an insulating vessel of dimensions l x b x h. The vessel is placed on a 
horizontal floor where a uniform horizontal magnetic field of induction 
B is established perpendicular to the face l x h as shown in the figure. 
How much potential difference must be applied across the fluid between 
the side faces designated by dimensions b x h so that the fluid pressure 
at the bottom of the vessel vanishes? Acceleration of free fall is g. 


27. A uniform rigid ring of radius r and unknown mass is placed on a 
nonconducting frictionless horizontal tabletop, where exists a uniform 
horizontal magnetic field of induction B as shown in the figure. A 
current J that is double of the minimum current required to flip over the 
ring is made to circulate in the coil. Find force of normal reaction from 
the tabletop on the ring immediately after the current is switched on. 


28. Two mutually perpendicular infinitely long straight rods each carrying y i 
current J are fixed at a distance d apart. One rod is along the z-axis and 
the other is parallel to the y-axis in x-y plane as shown in the figure. 1 


(a) Find force experienced by a rod due to magnetic interaction. Fa 


~ 


Rv 


(6) Find torque experienced by a symmetrically located segment of 
length 2d of a rod. 
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| Check your understanding | your understanding 


1. An air gap of length d is made in a rectangular iron core of mean 
perimeter / and cross-sectional area A as shown in the figure. Relative 
permeability of the iron is 4 (>> 4o). A coil of N turns carrying a current 
Iis wound on the core. Ignore fringing of field at edges of the gap and 
leakage of magnetic flux. Find magnetic induction in the air gap. 


2. Two identical metallic spheres each of radius r are fixed with their 
centres at points (d, 0, 0) and (-d, 0, 0) in a homogeneous medium of 
conductivity o. Here d >> r. One of them is maintained at potential V 
and the other one is grounded as shown in the figure. Calculate 
magnetic flux density at a point that is in the y-z plane at a distance R 
from the origin O. 


© 
g> 


A large frictionless disk can rotate about its central vertical axis in a 
uniform static magnetic field of induction B pointing vertically upward. 
A particle P of mass m and charge q is connected with the help of an 
inextensible thread of length / to a nail O fixed at a distance r (l < r) 
© from the centre C of the disk as shown in the top view of the situation. 

The disk is rotated at various constant angular velocities. Draw graph 
s between tension force T in the thread when the particle stops relative to 
the disk and corresponding angular velocity ø of the disk. 


© 


© 
© 


® 4. Ina gravity free region, a T-shape rigid insulating frame is rotating in 
its plane about the end of the central bar of length l with a constant 
angular velocity w. A strong uniform and static magnetic field of 
induction B exists everywhere pointing into the plane of the frame. Two 
identical beads P; and P, each of mass m and charge q can slide without 
friction on the frame. 


(a) Find the equilibrium position of the beads relative to the frame. 
(b) What can you say about the equilibrium positions, if sign of charge 
of one of the beads is reversed? 


5. Two particles of equal mass m and having unlike charges of modulus q 
each are placed in free space a distance rp apart. A uniform and constant 
magnetic field of induction B is established everywhere perpendicular 
to the line joining the particles and the particles are released. If the 
magnetic field is sufficient to avoid collision of the particles, find the 
minimum separation between the particles. 


6. A charge particle starts sliding down a frictionless slope of inclination 0 
in presence of a horizontal uniform and static magnetic field of induction 
B directed perpendicularly into the plane of the figure and uniform 
gravitational field of the earth. Intensity of the gravitational field is g. 
After sliding an unknown distance l, the particle leaves the slope and 
follows a cycloidal trajectory as shown in the figure. If on the trajectory 
maximum vertical displacement of the particle is h, find the distance l 
it had slid on the slope. 


Magnetic Effects of Electric Current 14.13 


7. An elastic conducting wire of length lọ and force constant k is secured e © e © e © © oœ 
between two nails N, and Nz on a horizontal frictionless tabletop in , ə ə ə © © © o 
presence of a strong uniform magnetic field of induction B pointing N,e—————————N, 
vertically upwards. Top view of the situation is shown in the figure. Now z j 
a constant current J is switched on in the wire that flows from the nail © ə o ə ə ə ə œ 
N, towards No. 


(a) What stationary shape will the wire assume? 
(b) What should be the range of force constant k of the wire so that the 
wire assumes a stationary shape? 


8. A loop is made by joining the ends of a flexible, inextensible and light 
conducting wire of length 2/ with a thin insulating coating. The loop 
passes through two frictionless hooks, one of the hooks is attached to the 
ceiling and from the other hook a small rubber block of mass is 
suspended as shown in the figure. Below the ceiling, a horizontal 
magnetic field of induction B is established. Now a gradually increasing 
current is made to circulate in the loop. For all values of current in the 
loop, forces of magnetic interaction between different parts of the wire 
are negligible as compared to other forces. 


(a)What shape will the wire loop assume for a particular value of 
current in the loop? o o o o 
(b) Find the maximum height up to which the block can be lifted. 


(c) Find the current in the loop to lift the block to a height h = (1 — 3) ; 


T 


9. A load is connected across the terminals of a battery of terminal voltage 
Vo = 2 kV with the help of two long conducting strips each of width b = 
4 cm and connecting wires. The strips are arranged parallel to each 
other such that separation between their inner flat faces is d = 4.0 mm. 
For a certain value of load resistance, the net force of electrostatic and 
magnetic interactions between the strips vanishes. What will be the net 
force of electrostatic and magnetic interaction between unit lengths of 
the strips, if the load resistance is made 7 = V3 times of the value at 
which the interaction forces vanished. 


10. A single-layer conducting coil is wound with no gap between adjacent 
turns on a cylindrical frame of radius R. Diameter of cross-section of the 
wire used is d (d << R). If breaking stress of the material of the wire is 
Op, at what magnitude of current will the coil rupture? 
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Challenge your understanding 


1. A tightly wound thin wire semi-infinite solenoid of radius R and n turns 
per unit length carries a current J. Magnetic field well inside the 
solenoid is uniform but near the end it fans out. Find the magnetic 
induction vector B in terms of radial and axial components at a point 
outside the solenoid and at a distance x from the end and a very small 
distance r from the axis. You may denote unit vector in the positive x- 
direction by ê, and unit vector away from the x-axis in y-z plane (radial 


direction) by ê.. 


2. Consider a long current carrying cylindrical conductor of radius r. 
Current density j inside the conductor is uniform over its cross-section. 
Deduce suitable expression for force of interaction per unit length 
between two halves that are obtained by dividing the conductor by a 
plane containing the axis of the conductor. 
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Trajectory of the particle will be in the shape 
similar to digit 8, if charge q has values given by 
the following equation. 

_ 2nzm 


BT 


Here n = 1, 2, 3 


Any speed 


v= oR tan) 
m b 


Where a and b can assume a value from the set 
of whole numbers and therefore the ratio a/b can 
assume any positive value. 


A v(B, - B,)sin@ 
"7B, +0(B, -B,) 


F= qoBl(i cos + jsin 0) 


t= -qBl(v, cos@+v, sin 0)k 


Net force depends only on the rotational 
motion and the net torque depends only on the 
translational motion. 


mu 
2rB 

The bead moves with a constant speed. In 
addition, to fulfil the given condition, the bead 
must move on a circular path of radius 2r after 
the thread becomes slack. 


qL 

M 

The angular momentum vector rotates 
with the angular velocity of the circular motion 
while its modulus remains constant. 


27nmu cos 0 


, here n= 1, 2,3 
ql 


4znmucos@ 
3 oe 
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perpendicular to the magnetic field. 
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iu, NI The equilibrium is stable. 
t- (0) l+ ( L, -1)d (b) Depending upon initial locations of the 
secu beads, it is possible that both the beads move 
(b) Hof, NTA apart and stop at the ends of the bar, or the 


2 {l + ( LL, 1)a\ positively charged bead stops at the junction 
of the bars and the negatively charged bead 
stops at the end of the bar, or both the balls 
stop at the junction of the bars. 


In presence of a medium, generalised 
Ampere’s law should be used. 


9 Lo Vrd í 1 1 l 7 im 
i / 5. 11+ i= 
i d JR +d 2 í zer B? ) 
Electric field created by potential 
difference between the spheres, cause conduct- hcot? 0 
ion currents to flow, which is responsible for the = i= 4 
magnetic field. 
qB 7. (a) Circular arc (b) k> da 
(qoB -mæ )(r-1); 0 < œ < = 27 
saia B m 8. (a) Each straight t will hape of 
J i qB . (a) Each straight segment will assume shape o 
(mo* -qoB)(r +1); n a circular arc. 
TIN 2 amg 
(b) 1 h -2) (c) 
1 3V3Bl 
2 
g, 2% (1) 99x 10°N 
qB ol(rad/s) 2d n 
i d? 
2 3 10 O17 
4. (a) 0 =tan" zi i 
(a) h (qB- =| ae 
Here @is the angular position of the beads 
measured from the central rod. 
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_ Electromagnetioy! Induction 


Faraday’s Law of electromagnetic induct- current, self and mutual induction, RC, LR. “l am not a poet, but if you 
ion, Lenz's law, general case of electro- and LC circuits with direct current and think for yourselves, as | pro- 
magnetic Induction - motional emf and alternating current sources. céed. the facts ‘will forma 


emf due time varying magnetic field, eddy poem in your minds.” 


BACK TO BASICS 
Electromagnetic Induction 


Faraday’s law of electromagnetic induction: 


Magnitude © of the induced electromotive force (emf) in a circuit is equal to 


the time rate of change in total magnetic flux ¢ through the circuit. Michael Faraday 
(22 September 1791 — 25 August 1867) 


Here the minus sign is in accordance with the Lenz’s Law, which suggests 
that the polarity of induced emf must be such that the current, if produced 
by it, will oppose the change in magnetic flux that produced it. 


Electromotive force induced in a moving conductor in a static 
magnetic field: 
A conductor cutting across a magnetic field B with a velocity 0 generates 


an emf producing electric field E . 
E=txB 
An emf appearing across an infinitesimal conductor length dl is given by 


dé =(Gx B)-al 
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Induced electric field due to a time varying magnetic field: 
Time varying magnetic field in space induces electric field whose line 
integral around a closed path equals the time rate of change in magnetic 
flux crossing the area bounded by the closed loop. 
$#-al--[% a8 
ot 


General case of electromagnetic induction: 


Flux through a circuit can change either by time variation of magnetic field 
or by mechanical motion of the circuit as a whole or some part of it in a 
magnetic field or by both these modes simultaneously. 


OB z =) a7 
€--(—-aS + (éxB)-dl 
f : > ux 
Time variation Motion 
Self and mutual induction 


Self-induction: 


A time varying current in a device leads to appearance of an induced 
emf in the device, which in accordance with the Lenz’s law opposes 
the variation in the current. This phenomenon is called self-induction 
and the emf so induced is called the self-induced emf. 


Self-flux linkage Asf of a device due to magnetic field of its own 
current J is given by the equation 


Ae = LI 


self 


Here the term L is a constant of proportionality and is known as self- 
inductance. 


If in a coil of total number of turns N, the same flux ¢ due to magnetic 
field of the current Jin the coil passes through every turn of the coil, 
the self-flux linkage Asar 1s defined by equation 


Avert = N¢ = LI 
The self-induced electromotive force ser is given by 
Ear =n dA. ar = -N dé = =L dI 
dt dt dt 


Mutual induction: 

If magnetic flux of a time varying current in a circuit links with some 
other device, an emf is induced in that device. This phenomenon is 
called mutual induction. 

If in a coil of total number of turns N;, the same flux ¢ (that is whole 
or a part of the magnetic flux produced by some other coil carrying 
current >) passes through every turn, the mutual-flux linkage Amutual 
is defined by equation 


= N,¢ = MI, 


Aunia 


Here the term M is a constant of proportionality and is known as 
mutual inductance. 
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The net induced electromotive force © in presence of mutual induction 


is given by 
d dl dl 
€6=-—(/,,, +4, =-|L—+M— 
dt ( self ‘mutual ) ( 1 dt dt 


Alternating Current 


The usual waveform of current and voltage in alternating power circuits is 
a sine wave. 


Resistance in AC circuits 


Voltage across a resistance R: vp = V, sin(at +g ) 


: n ae 
Current in the resistance R: i= p nlo +h) 
Inductance in AC circuits 
Voltage across a inductance L: v, = V, sin(at +g) 


. : s We xx 
Current in the inductance L: = P sin{ +h- z) 
O 


Inductive Reactance: X, =oL 


Capacitance in AC circuits 


Voltage across a capacitance C: ve = Vo sin (æt + dy ) 


Current in the capacitance C: ig = @CV, sin{ +@ + z) 
Capacitive Reactance: Xe =— 


Power in AC circuits 


If voltage across and current through a device are v=Vsin(øt) and 
i = Isin(@t +ø) respectively, for this device 


Instantaneous Power: p=ui 
Real Average Power: Pas = Vms Lems COSP 


rms rms 


Power Factor: cos @ 
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ar 
| Multiple Choice Questions | Choice Questions 


1. An aircraft is flying at a level height in presence the magnetic field of 
the Earth. If an electric bulb is connected between the two extreme ends 
of the wings, 


se 


(a)a voltage will induce across the wings and the bulb will glow. 

(b) no voltage will induce across the wings but the bulb will glow. 

(c) a voltage will induce across the wings but the bulb will not glow. 
(d)no voltage will induce across the wings and the bulb will not glow. 


2. A wire of uniform cross-section is drawn from a piece of mass m of a 
metal of density d and resistivity p. The ends of the wire are joined to 
make a planar closed loop and the loop is placed in a uniform magnetic 
field that varies with time t according to equation B = ft, where fis a 
positive constant. What maximum current can you obtain in the loop by 
properly selecting shape and dimensions of the loop? 


(a) pm/(7pd) (b) Bm/(27pd) 
(c) Bm/(47pd) (d) pm/(87pd) 


3. In a cylindrical region that is encircled by a uniform metallic ring, a 
uniform magnetic field perpendicular to the plane of the ring varies with 
time in such a manner that a constant electromotive force of 12 V is 
induced in the ring. A voltmeter of very high resistance is used to 
measure potential difference between two points on the ring separated 
by one quarter of ring. For the purpose, the voltmeter is connected in 
two different manners as shown in figures. In both the arrangements, 
the ring and connecting wires are in the same plane. 


Figure-I Figure-II 


y 
A 


Which of the following conclusion can you draw regarding readings Vy 
and Vy of the voltmeter in the first and the second arrangement 
respectively? 

(a)Vi= Vn =3V (b) i= Vn = 9 V 

(c) Vi =38 Vand Vj =9 V (d) Vi, =9 V and Vj; = 3 V 


4. Consider a quarter circular conducting ring of large radius r with its 
centre at the origin, where a magnetic dipole of moment m is placed as 
shown in the figure. If the ring rotates at a constant angular velocity œ 
about the y-axis, electromotive force induced between its ends is 

O B xz (a) Zero (b) mmoæf(2zr) 

(c) Lymo/(4zr) (d) Lyme/(8zr) 


Ri 


5. A long thin wooden cylindrical pipe of radius R carrying a uniform 
surface charge density o, is rotating about its axis with an angular 
velocity w that increases slowly with time t as œ= kt, where k is a 
positive constant. Which of the following statements is/are correct for 
the region inside the pipe? 
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(a) Both the magnetic and the electric fields are uniform and constant. 

(b) The magnetic field is uniform but not constant and the electric field 
is constant but not uniform. 

(c) The magnetic field is constant but not uniform and the electric field 
is uniform but not constant. 

(d)Total energy density u due to both the fields varies with time as 


u=a+bt’, where a and b are positive constants. 


The top and bottom faces of a rigid insulating box of dimensions axbxh 

and mass m are charged with uniform surface charge densities cand -0 
respectively and the box is placed in a uniform horizontal magnetic field 
B= Bij . Assuming free space conditions and h negligibly small as 


compared to the dimensions a and b, find how much velocity will the box 
acquire after the magnetic field is switched off? 


(a) oabhB, > (b) Agana 
m m 

(o) oabhB, + (a) 20abhB, : 
m m 


A superconducting rigid planar loop of area A and self-inductance L 
carrying a current is held motionless in a region of free space. Now a 
uniform magnetic field of induction B pointing everywhere parallel to 
the magnetic moment m of the loop is switched on. Current in the loop 
after the magnetic field is switched on is given by 


(a) = ©) = 


Three identical lamps A, B and C and two identical inductive coils Lı 
and Lz are connected to a DC power supply through a switch S as shown 
in the figure. Initially the switch is closed for a long time and steady 
state is reached. Now the switch S is opened. Which of the following 
statements correctly describes order of brightness of the bulbs 
immediately after the switch is opened? 


(a) Brightness of A suddenly increases but that of B and C remains 
unchanged. 

(b) Brightness of B suddenly increases but that of A and C remains 
unchanged. 

(c) Brightness of C suddenly increases but that of A and B remains 
unchanged. 

(d) Brightness of all the bulbs suddenly increases equally. 


A circuit shown consists of a coil of inductance L, an unknown resistance 
R, a switch and an ideal current source of current Jp. Find total heat 
dissipated in the resistance after the switch is closed. 


(a) Zero (b) 1LIF 
(c) +L d) L 
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11. 


13. 
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An uncharged conducting ball of radius r is earthed through an inductor 
L as shown in the figure. A horizontal electron beam swoops on the ball 
from a great distance. The density of electrons in the incident beam is n 
and all these electrons are moving with velocity v that is much smaller 
than the speed of light so the relativistic effects can be neglected. Which 
of the following statements is/are correct? 


(a) Maximum charge on the ball is equal to 2nezr’v,/zé,rL 
(b) Maximum charge on the ball is equal to 4nezr*v,/ze,rL 


(e) Maximum current through the inductor is equal to 2nezr’u 


(d)Maximum current through the inductor is equal to 4nezr’v. 


Consider a series combination of a resistance R, an inductance L, anda 
capacitance C undergoing electromagnetic oscillations. During a certain 
period, amplitude of current through the resistance drops from J to 0.5/. 
What is the amount of heat dissipated by the resistance in this period? 


(a) 0.375LI” (b) 0.375I1°CR? 
(c) 0.3751? (L+CR?) (d) 0.375LI? + 0.75I°CR? 


. The given graph shows variation with time in the source voltage V and 


steady state current J drawn by a series RLC circuit. Which of the 
following statements is/are correct? 


(a) Current lags the voltage. 

(b) Resistance in the circuit is 250V3 Q. 

(c) If capacitive reactance is 74 Q, inductance in the circuit is 
approximately 560 mH. 

(d) Average power dissipation in the circuit is 20V3 W. 


A series combination of an incandescent lamp, an inductor and a 
capacitor is connected across an alternating voltage source. Two 
switches A and B are provided to short circuit the inductor or the 
capacitor or both. Initially both the switches are open and the lamp 
glows with a certain brightness. If the switch A is closed keeping B open, 
brightness of the lamp remains unchanged. How does the brightness of 
the lamp change, if the switch B were closed keeping A open? 


(a) Decreases (b) Increases 
(c) Remain unchanged (d) Insufficient information to decide. 


If an AC ammeter, an AC voltmeter and a resistor are connected in 
series and the combination is connected across an AC voltage source, 
the instruments read A and V respectively. The instruments are purely 
resistive in nature. If a capacitor is now connected across the voltmeter 


(a) both A and V will increase (b) both A and V will decrease 
(c) A will decrease, V will increase (d) A will increase, V will decrease 


15. A circuit shown consists of two resistances R; and R of equal and fixed 


values, a variable resistance R, a capacitor of capacitance C and an 
alternating voltage source. If the variable resistance is made to vary 
over a wide range, how does the peak voltage between the terminals A 
and B change? 
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(a) First decreases then increases. (b) First increases then decreases. 
(c) Decreases to aconstant value. (d) Remains unchanged. 


16. Consider the following series RLC circuit. Here the symbols R, L and C 
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1. 


N 


denote resistance, inductance and capacitance respectively. If frequency 
of the supply voltage is increased from a very low value to a very high 
value, the maximum voltages across L and C are measured at 
frequencies f and fc respectively. Which of the following statements is 
correct? 


1 
@) f< EC 


1 
(c) fe JLC 


and f, < : and f, > 


1 
b aa 
ak 2a JLC 
and f, < 
2 


1 
—— q C 
wie O "S 


and f, > 


A metal rod of length L, attached to a vertical shaft by a non-conducting 
thread of length / is rotating in a horizontal plane with a constant 
angular velocity ø. Find potential difference between the ends of the rod. 
Now a uniform magnetic field in vertically upward direction is switched 
on. What should the magnitude of the flux density of the magnetic field 
be so that the potential difference between the ends of the rod becomes 
double? Neglect gravity and denote the mass and the charge on an 
electron by m and e respectively. 


A bar of thickness d is made to move with a velocity v perpendicular to 
a uniform magnetic field of induction B. Top and bottom faces of the bar 
are parallel to the lines of magnetic field as shown in the figure. 


(a) Find surface charge densities on the upper and the bottom faces of 
the bar, assuming material of the bar to be a perfect conductor. 

(b) Find the surface charge densities on the upper and the bottom faces 
of the bar, assuming material of the bar to be a dielectric of dielectric 
constant &. 


The basic principle of magneto-hydrodynamic (MHD) generators used 
for generating electricity is described here by a simple model that 
consists of a parallel plate capacitor immersed in a stream of a 
conducting liquid in presence of a uniform magnetic field of induction B 
pointing perpendicular to the stream and parallel to the plates. Area of 
each plates is A, distance between the plates is d and electrical 
conductivity of the liquid is o. The liquid flows between the plates with 
a constant velocity v towards the left. If a resistance R is connected 
across the capacitor plates how much power will it dissipate? From 
where does this power come? 
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Two parallel rails P and Q each of length 2L and resistance per unit 
length p are fixed in a horizontal plane a distance l apart in presence of 
a uniform vertical magnetic field of induction B and two ideal batteries 
each of terminal voltage Vp are connected between the ends of the rails 
as shown in the figure. Two light sleeves rigidly connected by a 
conducing rod of length / and resistance R and mass m can slide without 
friction on the rails. The rod is slightly displaced from mid position and 
then released. Find the period of small oscillations of the rod. Neglect 
potential drop at the contacts. 


In a region of space, a radial magnetic field is established, flux density 
B of which varies with distance r from the origin of a coordinate system 
according to the law B = fr?. Here £ is a positive constant. A small 
conducting ring of radius a and resistance R is placed parallel to the y-z 
plane with its centre at point (x, 0, 0). Find the force that must be applied 


on the ring to move it with a constant velocity vi. 


A planar spiral coil of outer radius R consisting of N closely wound turns 
of a thin conducting wire is placed in a uniform magnetic field with its 
plane perpendicular to the field. The magnetic field is confined in a 
circular region shown by shaded area in the figure. If flux density B of 
the magnetic field varies with time t as B = B, cos(æœt), find electro- 


motive force induced between the terminals A; and Ag of the coil. 


A conducting wire of length l and cross-section area A taut between two 
fixed grounded metallic supports is vibrating in its fundamental mode 
with a frequency v and amplitude a in presence of a uniform magnetic 
field of induction B pointing normal to the plane of vibration of the 
string. Find an expression for electromotive force induced in the wire as 
a function of time t assuming the wire straight at t = 0. 


A metal disc of radius r is affixed coaxially on a thin conducting shaft 
that is mounted along the axis of a long solenoid. One end of the solenoid 
is electrically connected to the periphery of the disc with the help of a 
graphite brush through an ideal ammeter and a resistance R; the other 
end of the solenoid is electrically connected with one end of the shaft. A 
uniform magnetic field of induction B pointing along the axis of the 
solenoid towards the right is switched on. 


Consider the solenoid an ideal one having n turns per unit of its length, 
find an expression for the reading of the ammeter in a steady state for 
the direction of rotation of the disc shown as well as its opposite one. 


A particle of mass m and charge q is at rest at a point (a, 0, 0) of a 
coordinate system in free space. A uniform magnetic field that varies 
with time ¢ according to the given graph and points in the negative z- 


10. 


11. 


12. 


13. 


14. 
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direction is switched on in a cylindrical region of radius R (R > a) coaxial 
with the z-axis. If the time interval At is negligibly small, find equation 
of path of the particle long time after the magnetic field is switched on. 


A thin light insulating rod of length / is free to rotate in a horizontal 
plane about a vertical axle passing through its centre. Two small balls 
each of mass m and charge q are affixed at the ends of the rod. This 
assembly is symmetrically placed between cylindrical poles N and S of 
an electromagnet that have established a uniform vertical magnetic 
field of induction Bo. The electric supply to the coils of the electromagnet 
is switched off. Find the angular velocity acquired by the rod long time 
after the magnetic field vanishes. Assume that the field was only 
between the poles of the magnet. 


Curved surface of a very long hollow cylinder of radius R (much smaller 
than its length) is uniformly charged with surface charge density o. At 
the centre of this cylinder, a small insulating ring of radius r, mass m 
and charge q is coaxially placed. The arrangement is in a gravity free 
space. If the cylinder is given an angular velocity @ about its axis, how 
much maximum angular velocity will the ring acquire and in which 
direction relative to angular velocity of the cylinder? 


A rectangular loop of width b, length J, mass m and resistance R is 
placed close to and coplanar with a very long fixed straight conductor 
carrying current J. One side of the loop is parallel to the straight 
conductor as shown in the figure. The current in the conductor is 
suddenly switched off. Neglecting gravity find velocity acquired by the 
loop. 


A thin conducting disc of mass m, thickness d and radius r (r >> d) is 
released in a uniform horizontal magnetic field of induction B. The 
magnetic induction vector is in the plane of the disc as shown in the 
figure. Denoting acceleration due to gravity by g, find expression for 
acceleration of the disc. 


A conducting coil held coaxially near one pole of a cylindrical permanent 
magnet as shown in the figure, if made to vibrate up and down simple 
harmonically with a frequency f= 100 Hz and an amplitude a= 1.0 mm, 
much smaller than the linear dimensions of the magnet, the voltage 
induced in the coil has amplitude Vp = 57 V. If the coil is held stationary 
at the mean position of the oscillations and a current [= 200 mA is made 
to flow through it, how much force will it experience? 


. A long solenoid of radius r having n turns per unit length carries a 


constant current J. Consider two situations, in the first an inertia-less 
paper cylinder of radius r, (rp < r) and length / is inserted coaxially at 
the middle of the solenoid and in the second case another inertia-less 
paper cylinder of radius r, (rp > r) and length / surrounds coaxially the 
solenoid in the middle as shown in the figures. The paper cylinders carry 
uniform charge Q over their curved surfaces. If current in the solenoid 
is suddenly reduced to J/7, find angular velocity ø acquired by the paper 
cylinders. Ignore effects of gravity. 
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A uniform dielectric hollow cylinder of mass M, radius R, length l 
carrying uniform charge of surface charge density o can rotate without 
friction about a fixed horizontal axle that coincides with the axis of the 
cylinder. Several turns of a light thin insulating cord are wrapped on 
the cylinder and a block of mass m is suspended from the free end of the 
cord. Initially the block is held at rest as shown in the figure. Find 
acceleration of the block after it is released. Neglect charge transferred 
to the cord and fringing of magnetic field at the ends of the cylinder. 
Acceleration due to gravity is g and permeability of the medium inside 
the cylinder is 4o. 


A conducting rod of mass m and length / is suspended horizontally with 
the help of two identical non-conducting springs each of stiffness k in a 
uniform horizontal magnetic field B. The rod can slide between two fixed 
frictionless vertical conducting guides and an uncharged capacitor of 
capacitance C is connected between the guides as shown in the figure. 
Find the period of oscillations of the rod. Neglect resistance and 
inductance in the circuit and assume acceleration of free fall to be g. 


. A rectangular perfectly conducting coil of mass m, width b, length / and 


inductance L moving with a velocity vo along its length in a region of no 
magnetic field enters a region of uniform magnetic field B that is 
everywhere perpendicular to the plane of the coil. How does position x 
of the leading edge of the coil measured from the entry point into the 
magnetic field varies with time t. 


A perfectly conducting square frame of mass m, side l and inductance L 
with a small gap cut in one of its arms is placed on a frictionless 
horizontal floor where a nonuniform magnetic field that is given by 


equation B= JB, (1 + kx) exists. Here k is a positive constant. Centre of 


frame initially coincides with the origin of coordinate system attached 
to the floor as shown in the figure. 


ZB 


z 


RV 


If the gap is closed with a perfectly conducting material and then the 
frame is imparted a velocity vo in the positive x-direction without any 
rotation, how will its displacement x vary with time t. 


.A cable consists of coaxial conducting cylindrical shells, radii of the 


inner and the outer shells of which are a and b respectively. Magnetic 
permeability of insulation between the shells is equal to that of the free 
space. Find inductance of a unit length of the cable. 


. A rectangular copper foil of width b is bent into a shape consisting of a 


cylindrical portion of radius r (r << b) and two parallel identical flat 
portions each of length a as shown in the figure. A current enters 
uniformly into the edge A, flows uniformly over the whole width and 
comes uniformly out of the edge B. Find the inductance between edges 
A and B for a slowly varying current. 


bo 
bo 
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. A coil is wound on a hollow insulating cylinder, which contains in it a 


laminated iron core. How the inductance L of the coil varies with the 
displacement x of the iron core is shown in the figure. In the initial state 
x = 0 (the core is fully inserted into the coil), the current in the coil is 1.0 
A. Find current in the coil immediately after the core is quickly taken 
out of the coil. 


. Three identical coils A, B and C are wound symmetrically on a toroidal 


iron core in the same sense. An alternating voltage source is connected 
across the coil A and an ideal voltmeter is connected across the coil C. If 
the coil B is left open, the voltmeter reads half of the source voltage. 
How much will the voltmeter, if the coil B is short-circuited? 


. Two identical perfectly conducting rings are coaxially placed very close 


(infinitesimally small separation) to each other. Each of the coils has of 
inductance L and carries a current Jp in the same direction. How much 
minimum amount of work has to be done in making their separation 
infinitely large? 


. A uniform magnetic field of induction Bo exists everywhere in a long 


hollow thin walled metallic cylinder along its axis as shown in the figure. 
Length l of the cylinder is much larger than its radius r that is much 
larger than its wall thickness d (l >> r >> d). Resistivity of the material 
of the cylinder is p. Neglecting flux linkage with the material of the 
cylinder, find how the magnetic induction B inside the cylinder will 
decay with time t after the magnetic field is switched off. 


. A coil is made by winding a large number of turns of a thin wire on a 


hollow plastic cylinder. A magnet is inserted in the coil and its ends are 
short-circuited. The magnet is suddenly removed. Immediately after 
removal of the magnet, if in first two consecutive time intervals of 0.1 s 
each, amounts heat dissipated in the coil are AW, = 0.01 J and AW, = 
0.006 J respectively, find total amount of heat dissipated in the coil. 


. A circuit consists of two inductances L; and Ls, a resistance R, a two- 


way switch, a battery of electromotive force € and internal resistance r. 
The switch was in position 2 for a long time and at the instant t = 0, it 
is thrown to position 3. 


(a) Find current through the switch as a function of time t after the 
switching. 
(b) Find total heat dissipated in resistance R after the switching. 


In the circuit shown, a parallel combination of a coil of inductance L and 
a resistance R can be connected across a battery of electromotive force 
g and internal resistance r through a switch. Find total heat dissipated 
in the resistance R after the switch is closed. 


. A parallel combination of an inductance L and a resistance R can be 


connected to either of the two ideal current sources of current Jp and nlo 
through a switch as shown. Initially the switch is in position 1 for a long 
time. Now the switch is thrown to position 2. Find amount of charge that 
will pass through the resistance and heat dissipated in it after the 
switching until a steady state is established. 
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.A parallel circuit consists two ideal inductances L and 2L and a 
resistance R. At an instant the same current Jp is flowing in both the 
inductances in the same direction. How much charge will flow and how 
much heat will be dissipated in the resistance after this instant. 


A conducting ball of radius 3r having charge Q is at a great distance 
from a neutral conducting ball of radius r. They are connected with a 
thin perfectly conducting wire of inductance L through a switch. What 
will the maximum current in the wire be after the switch is closed? 


. A circuit shown consists of two inductances Lo and L, a resistance R, a 
battery of electromotive force € and internal resistance r and two swit- 
ches 1 and 2. Initially switch 1 is closed for a long time. Find total charge 
that will flow through the resistance after the switch 2 is closed. 


. A circuit shown consists of two resistances R and 3R, two capacitors 
each of capacitance C, two inductors each of inductance L, an ideal 
battery of electromotive force €, an ideal voltmeter and a switch. 
Initially the switch is closed and the circuit is in steady state. 


(a) Find the voltmeter reading. 
Now, the switch is opened. 


(b) Find the voltmeter reading immediately after the switching. 
(c) Find the total heat dissipated in the resistors after the switching. 


A circuit shown consists of three coils of inductances 1.0 H each and a 
1.0 uF capacitance. At an instant, when charge on the capacitor is zero, 
currents of 1.0 A, 2.0 A and 4.0 A are flowing through the coils in the 
same direction. 


(a) Find the maximum charge on the capacitor. 
(b) Find the maximum currents through each of the coils. 


A circuit shown consists of two identical capacitors each of capacitance 
C, a coil of inductance L, two ideal batteries of electromotive force € and 
2% and a switch. The switch is open for a long time. Find maximum 
current through the coil after the switch is closed. 


The circuit shown consists of four capacitors, an ideal battery of 
electromotive force €, a switch and an inductance L. Capacitance of 
three of these capacitors is C and that of the fourth is 3C. Find maximum 
current through the coil after the switch is closed. 


A circuit shown consists of two inductors of inductances L and Ls, a 
capacitor of capacitance C, a battery of electromotive force € and 
internal resistance r and a switch. Initially the switch was in position 1 
for a long time. Find the maximum charge on the capacitor and maxi- 
mum current in the inductor Lo after the switch is thrown to position 2. 


A capacitor of unknown capacitance and an induction coil of inductance 
1.0 H are connected in series and then the series combination is 
connected across a source of alternating voltage 220 V and frequency 50 
Hz. Now an ideal voltmeter is connected across the capacitor. For what 
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value of capacitance the voltmeter will read 220 V. What value of 
capacitance can never be used in this circuit? Use 72 = 10. 


identical capacitors each of capacitance C and a variable frequency 
alternating voltage source. Find expression for the angular frequency of 
the source at which the peak voltage between the terminals A and B 


39. A circuit shown consists of two identical coils each of inductance L, two o a 
L — 
becomes 77 (n> 1) times of the peak voltage of the source. 


40. An alternating voltage source of peak voltage Vo is connected across a | ie 
series combination of a capacitance C and a variable resistance R as 
shown in the figure. Find the maximum power that can be obtained on © 2 i 
the load resistance in this circuit. 


41. A fluorescent lamp (commonly known as tube light) employs a choke coil 
(an inductor) and a starter. In normal operating mode, the choke coil is 
in series with the tube that behaves as a resistance and the starter as 
an open switch in parallel with the tube. In a particular fluorescent 
lamp, the voltage drop on the choke coil is 7 times of that on the tube. If 
the choke coil is an ideal inductor of inductance L, how much 
capacitance should you connect in parallel with lamp assembly to make 
power factor unity? Angular frequency of the supply mains is o. 


42. A loop of resistance R is placed near a coil excited by a source of 
unknown alternating voltage. The phase shift between the current in 
the coil and induced current in the loop is 45° and power dissipated in 
the loop is p. The loop is replaced by another loop of identical shape and 
size. If resistivity of material of the new loop is 7 times of that of the 
previous loop, how much power will be dissipated in the new loop? 


43. Two straight parallel diametrically opposite thin grooves are cut on an 
insulating cylinder parallel to its axis. A metal of density same as that 
of material of the cylinder is filled in the groove making two parallel 
conducting rods. The ends of these rods are short circuited by light wires 
to make a coil. Mechanically the assembly is a uniform cylinder of radius 
r, length l and mass m and electrically it is a coil of length l, width 2r 
and resistance R. This assembly is released on a slope of uniform inclin- 
ation Owith the horizontal in a vertical magnetic field B. If the cylinder 
rolls down the slope without slipping, it acquires a constant velocity 
soon after it has been released. Neglect inductance and capacitance of 
the coil and find an expression for this constant velocity. 


44. A rubber-coated wire is bent in the shape of a rigid sinusoid and then 


its ends P and Q are electrically connected with the help of a straight E oB œ 
conducting wire making a closed loop of total resistance R and aa 

inductance L. The amplitude of the sinusoid is dp. On the right of the SP aTATATATATATE ° ° 
line AA is a region of uniform magnetic field of induction B pointing ie o o 
perpendicular to the plane of the wire loop. The loop is made to move A! 


along the line PQ with a constant velocity v to enter the magnetic field. 
If one cycle of the sinusoid enters the region of magnetic field in time T, 
find average thermal power generated in the loop while it is entering 
the region of magnetic field. 
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1. Two long conducting bars P and Q are fixed parallel to each other in a 


horizontal plane some distance apart. On these bars, two parallel 
jumpers Jı and Jz each of resistance R are arranged at separation xo as 
shown in the figure. The jumpers can slide on the bars without friction. 
If a uniform vertical magnetic field of induction B is switched on, find 
final separation between the jumpers. Force between the jumpers due 
to their currents is negligible as compared to the force of interaction 
between current in a jumper and the magnetic field. 


A conducting disc of mass m and volume Vis suspended with the help a 
light spring of force constant k from a fixed support. Thickness of the 
disc is much smaller than its radius. A uniform magnetic field of 
induction B parallel to the plane of the disc is established and the disc 
is pulled down slightly and released. Find period of the small amplitude 
oscillations of the disc. 


Two identical metallic discs A and B each of radius r are affixed coaxially 
at the ends of two coaxial metallic shafts. The discs and the shafts are 
electrically connected with the help of conducting wires and sliding 
contacts as shown in the figure. A uniform magnetic field of induction B 
is established everywhere perpendicular to the plane of the discs. 
Assume the shafts and the discs to be perfectly conducting and all the 
resistance that is equal to R is concentrated in the connecting wires. The 
disc A is driven by a motor and the disc B is connected to a mechanical 
load of constant torque t. How does efficiency of power transfer from the 
disc A to B depend on angular speed wp, of the disc B? 


A wooden bobbin consists of two coaxial cylinders, the inner cylinder is 
of radius r and the outer is of radius R. A conducting wire PQ wrapped 
on the outer cylinder passes through a small hole in it and then it is 
wrapped on the inner cylinder in the same sense. Now the bobbin is 
placed on a horizontal table, where a uniform and constant magnetic 
field B exists parallel to the axis of the bobbin. If one end P of the wire 
is fixed on the tabletop and the other end Q is pulled horizontally with 
a constant velocity u as shown in the figure, the bobbin rolls without 
slipping. An ideal voltmeter is connected between the end P and a 
stationary sliding contact S. 


SQu 


(a) Find the moduli of electromotive forces induced in each of the coils 
wrapped on the bobbin. 
(b) Hence or otherwise, find the reading of the voltmeter. 
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A small bar magnet P is moving with a constant velocity v towards a 
fixed conducting ring of radius a along its axis as shown in the figure. 
Electrical resistance of the ring is R and its self-inductance is 
vanishingly small. The bar magnet can be modelled as magnetic dipole 
of dipole moment m. Find force of interaction between the bar magnet 
and the ring. 


A conducting rod of mass m and length / is suspended horizontally with 
the help of two identical non-conducting springs each of stiffness k in 
presence of a uniform horizontal magnetic field of induction B. The ends 
of the rod are connected in a circuit consisting of an ideal battery of 
electromotive force €, a capacitor of capacitance C and a switch as shown 
in the figure. Initially the switch was at position 1 for a long time. 
Describe motion of the rod after the switch is thrown to position 2. 
Neglect resistance and inductance in the circuit. Consider the wires 
connecting the rod extremely flexible and denote acceleration due to 


gravity by g. 


It is known that when a superconductor is brought into a magnetic field, 
surface currents are induced that make net magnetic field inside the 
superconductor zero. Due to this, a superconductor is repelled by the 
magnetic field. 


A superconducting cube is made to hover in a uniform vertical magnetic 
field by suitably adjusting magnetic induction. Now if we gently place a 
nonmagnetic cube of the same mass as that of the superconducting cube 
on the superconducting cube, how many times the magnetic induction 
has to be increased to make the loaded cube hover. 


A perfectly conducting rectangular frame of sides a and b can rotate 
without friction about a horizontal axis AA in a weak uniform 
magnetic field of induction B pointing vertically upward and uniform 
gravitational field of intensity g of the earth. Mass of the frame is m 
and its inductance is L. Viscous drag of air is not negligible. Consider 
the following experiments. 


(a) Initially the frame is hanging motionless with its plane vertical, and 
then it is slowly tilted to a horizontal orientation and released. In 
which orientation will the frame eventually stop? 

(b) Initially a small gap is cut in the frame when the frame is hanging 
motionless with its plane vertical. Now the frame is slowly tilted to a 
horizontal orientation, the gap is closed by the same conducting 
material and then the frame is released. In which orientation will the 
frame eventually stop? 


A ring of mean radius r and cross-sectional area A is made of a perfectly 
conducting wire. Inductance L of the ring is so small that inertia of free 
electrons cannot be neglected in the current building process. The free 
electron density in the conductor is n, mass of an electron is m and 
modulus of charge on an electron is e. Initially the ring is placed in a 
uniform magnetic field with its plane parallel to induction vector B of 
the field as shown in the figure. Find the current in the ring after it is 
turned through an angle 90°. 


ISS 
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(Section: A} — rS 10. A circuit shown consists of two identical sections A and B, each of them 
| | is a parallel combination of a capacitor of capacitance C and an inductor 
ot ee LS cœ | of inductance L. Initially the voltage of capacitor in the section A is Vo, 
| the capacitor in the section B has no charge and none of the inductors 
Dee a carry current. When voltage on the capacitor in section A drops to half 
of its initial value, the switch is closed. Find the maximum current 
through the inductor of section B after the switching. 


ection: B- 


11. The circuit shown consists of seven identical coils each of inductance L, 
one capacitor of capacitance C, two batteries and two switches with a 
common handle shown by dashed double lines. The common handle 
operates both the switches simultaneously. Initially the switch is in 
position 1 for a long time and currents J, and Í are flowing in the coils. 
After the switch is thrown to position 2, find the maximum charge 
acquired by the capacitor and corresponding current in the right-most 
coil. 


oo 12. Two coils A and B are made by winding a conducting wire in one layer 
without gap between adjacent turns on two identical cores of very high 
=Æ gr 2A B =C magnetic permeability and very high electrical resistivity. Inductance of 
the coil A is L, number of turns in the coil B is double of that in coil A 
and the wire used has so small resistance that the resistive voltage drop 
on the inductors can be neglected as compared to self-induced voltages. 
A circuit is arranged by connecting parallel combination of these coils 
and a capacitor of capacitance C across a battery of electromotive force 
€ and internal resistance r as shown in the figure. 


The switch is opened after keeping it closed for a long time. Calculate 
the following quantities when charge on the capacitor acquires its 
maximum value after the switching. 


(a) Currents in both the coils. 
(b) The maximum charge on the capacitor. 


13. Two ideal inductors each of inductance L are connected in series and 

then a capacitor of capacitance C is connected in parallel to one of the 

$ Sa | inductors. This combination is connected across a series combination of 
© 


an incandescent lamp and a variable frequency alternating voltage 
source as shown in the figure. It has been observed that the lamp glows 
with minimum brightness at an angular frequency ø. At what angular 
frequency will the lamp glow with maximum brightness? 


RAA 14. A circuit shown consists of two identical inductors, two identical volt- 
®© . i 

A meters A and B and a source of alternating voltage v = V, sin (27 ft) . The 

© WB voltmeters offer only resistances in the circuit. If the frequency of the 

voltage source is changed over a wide range, what maximum reading 


will the voltmeter B show? 
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15. Consider a network shown in the figure consisting of a resistance, a 


Challenge your understanding 


1. 


capacitor, an inductor and three alternating voltage sources 1, 2 and 3. 
Terminal voltages of the sources 1, 2 and 3 are vu, = Vsin(at), 
v, = V sin (øt +120°) and V, = V sin (ot + 240°) respectively and moduli 
of the reactances of the capacitor and the inductor are equal to the 
resistance. Find the voltage of the junction P. 


Two ideal inductors each of inductance L are connected in series and a 
capacitor of capacitance C is connected in parallel to one of the 
inductors. This combination is connected across a battery of electro- 
motive force € through a switch. Initially the switch was open for a long 
time and the capacitor was uncharged. How will the voltage on the 
capacitor vary with time t after the switch is closed? 


A tuned circuit consisting of an inductor and a parallel plate capacitor 
of capacitance C with plate separation d has a resonating frequency wo. 
What will be the resonating frequency, if a particle P of mass m and 
charge q is inserted in the middle of the capacitor plates? Neglect effects 
of gravity, fringing of electric field and electrostatic images. 
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, positive on the lower face and 


negative on the upper face 


(a) ¢,Bu, positive on the lower face and ; 
negative on the upper face 3 (vBd) 0° A’R 
(cAR+d) 
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This power comes from the agency that 
maintains flow of the liquid. 
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For the given direction of angular velocity: 
or’ B 
2R + omr’n 
For angular velocity opposite to the given one: 
2 
or B 


2R- omr’n 


Opposite to the angular velocity of the cylinder 
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After the disc is released, it moves down 
cutting the horizontal magnetic field with an 
increasing speed. The time varying emf induced 
between the faces of the disc in this way makes 
the faces of the disc behave as a parallel plate 
capacitor, charge on which is increasing 
continuously. The force of interaction of the 
charging current with the magnetic field and 
the force of gravity together decide the 
acceleration of the disc. 
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Only the component of the magnetic field 
of the magnet, which is in the plane of the coil is 
responsible for the induced emf as well as for the 
force. 
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The paper cylinders are inertia-less so 
they offer no resistance to change their state of 
motion and hence to change in state of motion of 
charges on them. Thus, we can treat each of 
them as a special case of superconductor in 
which charges instead of flowing move together 
with the cylinder. 
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Take care of mutual induction in addition 
to the self-induction. 
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(From the terminal 3 towards the terminal 1) 


Current through the first inductor will 
remain unchanged and circulate in the loop 
containing the switch, where decaying current 


2 


through the second inductor will be 
superimposed. 
Le 
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Since the inductors are in parallel, voltage 
across each of them must always be the same. 
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Since the inductors are in parallel, voltage 
across each of them must always be the same. 
When charge on the capacitor is maximum, 
current through it is zero. Thus, the same 
current circulates in the inductors at this 
instant. 

When current through the inductor Lə is 
maximum, voltage across it as well as on the 


capacitor is zero and hence charge on the 
capacitor is zero. 


Zero, 20 uF, Forbidden capacitance 10 uF 
The given condition is possible when 
voltage drop on the inductor is double of that on 
the capacitor or when the reactance of the 
capacitor is so high that it works as an open 
circuit. 
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Since geometrical configuration of the 
system remains the same in both the cases, 
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equal emfs are induced in the old and the new 
loop. 
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Initially when the magnetic field is 
building up, impulses of the force of interaction 
between the currents induced in the jumpers 
due to the time varying magnetic field and the 
magnetic field provide each of the jumpers an 
inward momentum. Thereafter, each jumper 
will eventually stop by losing its momentum due 
to the impulse of force of interaction between 
the static magnetic field and the current caused 
by motional emf in the jumper. 


oe jm + VP 


a 
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uter Coil 2(R-r) ? nner Coil 2(R-r) 


The flux linkages of the outer and the 
inner coil change respectively due to un- 
wrapping and wrapping of the wire, thus emfs 
are induced in these coils. 

B(R-r)u 
(b) -r 


9u atm’ x’v 


=- (Repulsive) 
4R (a? +x? ) 


Simple harmonic oscillation: 
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Here y is displacement of the rod in vertical 
direction from its equilibrium position. 


Absence of resistance makes discharge 
process of the initially charged capacitor almost 
instantaneous and absence of inductance 
suppresses possibilities of LC oscillations. 
During the instantaneous discharge process of 
the capacitor, the instantaneous flow of charge 
through the bar imparts it an initial velocity at 
the mean position of the oscillations. 


V2 


(a) Vertical 


There is always a current in the loop when 
it is in any orientation other than the vertical. 
Torque due to interaction of this current with 
the magnetic field as well as the torque of 
gravity will always try to bring the loop in the 
vertical orientation. Thus, the net torque of 
magnetic forces and gravity can be zero only 
when the loop is in vertical orientation. 


Forces of air resistance are velocity dependent 
and so is their torque; therefore, the loop can 
stop only in vertical orientation where the net 
torque on it is zero. 


2B’ ab’ 


(b) Angular position ~ 
mgL 


from the vertical. 


There is always a current in the loop when 
it is in any orientation other than the 
horizontal. Torque due to interaction of this 
current with the magnetic field and the torque 
of gravity will always in opposition to each 
other. 


Since the magnetic field is very weak, the 
equilibrium is achieved at such a small angular 
position from the vertical for which you can use 
small angle approximations. 
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During the process of turning of the coil, 
the free electrons are being accelerated because 
of the net electric field inside the ring, which is 
an outcome of the difference of motional emf and 
voltage drop by self-induction. 


a0: es ) CV 
4 L 
After the switching, charge sharing 
between the capacitors takes place almost 
instantaneously, moreover, during this charge 
sharing process currents in the inductors 
remain practically unchanged. 
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Hint: You may need the following phasor 
diagram. 
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Photon, photoelectric effect — Einstein's atomic nucleus, binding energy of a 
photoelectric equation, De Broglie nucleus, radioactivity, aloha, beta and 
hypothesis, Bohr’s atomic model for gamma radiations, Q-value of a nuclear 
Hydrogen atom or hydrogen-like ions, the reaction. 


BACK TO BASICS 


Photon: 
Photons are quanta of electromagnetic energy. 


Energy E and frequency vof an electromagnetic radiation are related by the 
Planck’s equation that is 


E = hv 
h = Planck's constant = 6.63x10™ J -s 


For a photon moving in specific direction with velocity c, the energy E and 
the momentum p are related by the equation 


E = pe 


Rest mass of a photon is zero. 


Photoelectric effect: 


It is emission of electrons from a metal surface resulting from absorption of 
electromagnetic radiations. 


“It's not that l'm so smart, it's 
just that | stay with problems 
longer.” 


Albert Einstein 
(March 14, 1879 — April 18, 1955) 
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Einstein’s photoelectric equation: 


Maximum kinetic energy K,,,. of emitted photoelectrons equals the 
difference between energy E of incident photon and work function ¢ of the 
metal. 


Kiss =E-¢ 


De Broglie hypothesis: 
Wavelength / assigned to a particle of mass m moving with velocity v is 


Ja 
mU 


Bohr’s atomic model for hydrogen atom or hydrogen like ions: 


= An electron in an atom can revolve in certain stable orbits without 
emission of radiant energy. 
= An electron might make a transition from one of its non-radiating 
orbits to another. In a transition from a higher energy orbit to a 
lower one, a photon is emitted and in a transition from a lower 
energy orbit to a higher one, a photon is absorbed. These emitted 
or absorbed photons have energy equal to the energy difference 
between the initial and final states. 
hv =|E E 


final “initial 
= Only those orbits are possible for which the angular momentum L 
of the orbiting electrons is quantized. 
L= nh 
2m 


Energy level in a hydrogen-like atom: 


2 
EEE ey 
n 


Here Z is the atomic number and n is the principal quantum number. 


Radioactivity: 


In any radioactive sample, rate of decay or activity at an instant is 
proportional to the number N of nuclei of the radioactive material present 
in the sample at that instant. 


aN _ 
dt 


Here / is known as decay constant. 


-AN 


Binding energy of a nucleus: 


The total energy of a nucleus is less than the combined energy of the 
separated nucleons. This difference in energy is called the binding energy 
of the nucleus and can be thought of as the minimum energy that must be 
added to a nucleus to break it apart into its constituents. 


E, = (ZT roine + (A 7 Z) M cutrons ~ Maucteus \ c 


Here Z is atomic number and A is mass number. 


Q-Value of a nuclear reaction: 


It is the total energy liberated in a nuclear reaction. 


= = 2 
Q B (EMpeactants ZM products ) c 
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1. 


3. 


If photoelectrons emitted by a metal on irradiating it by a light of 
wavelength 4 cannot move away farther than a distance d in presence 
of a retarding electric field E, find threshold wavelength of the metal. 


he he 
ou b) ga 
(0) ad (0) 4- Ed 
he 1 eEd\" 
eee giaa 
(O-A a of Ea 


How much power a light beam of wavelength A, must have to produce 
the same saturation current on irradiating a metal plate as produced by 
a light beam of wavelength 4, and power W,? Quantum yield of 
photoelectric effect for these wavelengths are 7, and 7 respectively. 


A. A 
whe b) W ike 
(a) A (b) aa 
w 2A d) wih’ 
(c) mA (d) TT 


An isolated zinc bead of radius r charged to a negative potential Vo 
(assuming potential at infinitely distant points to be zero) placed in free 
space is being continuously irradiated by ultraviolet light of wavelength 
A. Photoelectric threshold wavelength for zinc is A, speed of light is c, 
Denoting Planck's constant by h, permittivity of free space by &, charge 
and mass of an electron by — e and m, select correct statements from the 
following? 


(a) Maximum speed of a photoelectron immediately after emission is 


Shol 1 
m| Aj 


(b) Maximum speed of a photoelectron at a great distance from the 
bead is ae LA + eVa ; 
m\A_ A, m 


(c) Potential of the bead after prolonged irradiation is “(5 = : 


el A, 
(d) Total number of photoelectrons emitted from the bead is 


Aner |hef1 1 EAA 
e ell A, 
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What is principal quantum number of the highest energy level for which 
the lines in the Balmer series of emission spectra of atomic hydrogen 
will just be resolved by a spectrometer of resolving power A/d/ = 8 x 103? 
(a) 30 (b) 40 
(c) 50 (d) 60 


A moving neutron collides with a singly ionized stationary helium atom 
that is in ground state. What should be the minimum speed of the 
moving neutron for the collision to be perfectly inelastic? 

(a) 2.50 x 104 m/s (b) 4.25 x 104 m/s 

(c) 6.25 x 104 m/s (d) 9.89 x 104 m/s 


A dose containing radioactive !8F is scheduled to be prepared at 6.10 AM 
and 1.00 mL of it is to be given to a patient at 8.00 AM. If the patient 
reaches clinic late and takes the dose at 8.55 AM, how much quantity of 
the dose should be given to the patient? Half-life of !8F is 110 min. 

(a) 1.41 ml (b) 2.00 ml 

(c) 2.82 ml (d) None of these 


A stream of a-particles encounters a stationary unknown nucleus in a 
cloud chamber. After a collision, the two nuclei are scattered in mutually 
perpendicular directions. If some kinetic energy is lost in the collision, 
the unknown nucleus must be 


(a) a proton (b) a nucleus lighter than an a-particle 
(c) an a-particle (d) a nucleus heavier than an a-particle 


In a protonium atom, a proton and an antiproton orbit each other. What 
is the energy of a photon emitted in transition of a protonium atom from 
the first excited state to the ground state? 


(a) 5.1 eV (b) 9.37 keV 
(c) 12.5 keV (d) 18.74 keV 


A proton collides with a stationary deuteron and a ?He nucleus is 
formed. For this reaction to take place, the proton must have minimum 
kinetic energy 1.4 MeV. If instead, a deuteron collides with a stationary 
proton to make a He nucleus, how much minimum kinetic energy must 
it possess? 

(a) 0.7 MeV (b) 1.4 MeV 

(c) 2.1 MeV (d) 2.8 MeV 


Questions 10 to 12 are based on the following write-up. 

A narrow beam of monochromatic light of wavelength 4 emitted from a 
source of power P is propagating in the positive x-direction. After being 
reflected from a perfectly reflecting plane mirror of area vector 
A= At; + j) , the beam falls on a metal plate of surface area A placed 
parallel to the x-z plane. Work function of the metal is ¢ and 


photoelectric efficiency is 7. Photoelectrons emitted from the metal plate 
are immediately removed from the vicinity of the plate. 


10. 


11. 
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Reflection from the mirror changes momentum of photons and exerts 
force on the mirror. Which of the following statements is/are correct? 


(a) Change in momentum of each photon is A + i) 2 
: . h pa "X 
(b) Change in momentum of each photon is (i — i) i 
‘ is ` P $ T 
(c) Force exerted by light beam on the mirror is —{i — AP 
c 


(d) Force exerted by light beam on the mirror is F(-i + i) i 
c 


After a time interval At from the instant light falls on the metal plate, 
electric field at a point very close to the metal plate and far away from 
its edges is explored. Which of the following statements is/are true 
nPredt 

4e,hcA 

nPAeAt 

2€,hcA 

nPredt 

ehcA ` 


0 
(d) Electric field increases linearly with time in starting and reaches 
saturation after a short while. 


(a) Modulus of electric field is 


(b) Modulus of electric field is 


(c) Modulus of electric field is 


. If power of the source, wavelength of light, surface area and 


photoelectric efficiency of the metal of the plate are adjusted to 60 W, 
6000 A, 0.04 m2 and 104 respectively. Which of the following statements 
are correct? Use hc = 12420 eV-A. 


(a)Range of kinetic energy of photoelectrons does not depend on 
photoelectric efficiency of the metal used. 

(b) If work function of the metal of the ball is 1.9 eV, the maximum 
kinetic energy of the photoelectrons is 0.17 eV. 

(c) If material of metal plate has work function 2.1 eV, no photoelectrons 
are observed. 

(d) Number of photoelectrons emitted per second is 1.82 x 1016. 


Questions 13 to 15 are based on the following write-up. 
Consider a classic experiment on the photoelectric effect in which a DA 


monochromatic plane wave of light falls on a metal plate of area 66.3 


16.5 


cm? at an angle 30° as shown in the figure. Electric field in the light 
wave varies according to equation E = E,cos(@t + po), where amplitude ON 
is Hy = 15 V/m, angular frequency is æ = 9.5 x 1015 rad/s and ø is some 


initial phase angle. For a plane wave, the density u of electromagnetic -Ve 
energy is given by the equation u = ts Es . Dependence of photoelectric Ipa? 
current I on voltage V applied between the electrodes is shown by a 6.0 

graph. ah 

Speed of light is c = 3.0 x 108 m/s, Planck’s constant is h = 6.63 x 10734 8G 

J's, electrical permittivity of free space is & = 8.85 x 10712 F/m and ` 


charge on an electron is e = —1.6 x 107! C. -2.0 0.0 


2.0 


> 
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Incident Light 
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13. What is quantum yield in this experiment? 


(a) 0.019 (b) 0.038 

(c) Unity when saturation current flows otherwise less than unity. 

(d) It has no unique value as it depends on photoelectric current 
registered. 


14. If amplitude of electric field in the incident light is made 25 V/m, how 


much will the saturation current become? 


(a) 8.00 uA (b) 10.00 uA 
(c) 16.67 pA (d) None of these 


15. Instead of a simple plane wave, a complex plane wave of light governed 


by the following equation falls on the metal plate. 
E=8&, {i + cos (at + QD, )} cos (at + P) 


Stopping potential and saturation current respectively are 


(a) 6.27 V and 6.75 uA (b) 6.27 V and 7.50 pA 
(c) 8.27 V and 6.75 pA (d) 8.27 V and 7.50 pA 
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In a thought experiment, an evacuated tube of mass m and length l 
closed at its ends by two discs of masses m; and mz, stays at rest in free 
space. If a photon of frequency vis emitted from one disk and absorbed 
at the other, find the displacement of the tube in this process. Denote 
the Planck’s constant by h and the speed of light by c. 


Two thin partially silvered glass plates are rigidly joined at an angle 
45°. The structure is placed in gravity free region and a short light pulse 
is made to incident on the structure as shown. Coefficient of reflection 
of light from each plate is p for all angles of incidence. Find the direction 
of the total force of light pressure on the plate. 


How many photons of wavelength 4 = 450 nm does it take to achieve 
pressure p = 10° Pa in an empty cubical box of edge length l = 10 cm? 
Inner surfaces of all the faces of the box are perfectly reflecting. Plank’s 
constant is h = 6.67 x 1084 Js and speed of light is c = 3 x 108 m/s. 


A plate of area S connected to a battery of electromotive force 6 through 
two identical resistors A and B each of resistance R is uniformly 
illuminated by a monochromatic light of wavelength 2. The photo- 
electrons emitted from the plate are collected by an earthed wire grid as 
shown in the figure. Intensity of the light that reaches the plate after 
passing through the grid is J). Resistance of the plate to current flow 
along its length is Ro. Quantum efficiency of the photoelectric emission 
is 7. Find the strength of currents through each of the resistors A and 


B. Denote modulus of charge on an electron by e and the Planck’s 
constant by h. 


A neutron beam of initial kinetic energy Ep is divided into two beams at 
point O by some mechanism. Thereafter the beams proceed on the path 
OAC and OBC without a phase change at the corners A and B to 
interfere with each other at point C. Here OACB is a square of side l 
tilted at an angle @ above the horizontal. Mass of a neutron is m, 
Planck’s constant is A and acceleration of free fall is g. Find an 
expression for the angle @ at which a maxima is detected at point C. 


In a glass bulb filled with gaseous neon two metal plates are used as 
electrodes separated by a distance d = 4 mm that is much smaller than 
the linear dimensions of the plates. Ionization energy for neon atom is 
Eo = 21.5 eV, average distance travelled by an electron between two 
consecutive collisions with neon atoms is / = 0.4 mm and charge on an 
electron is e=—1.6 x 10719 C. How much potential difference between the 
electrodes should be applied to initiate a discharge process? 


A Hydrogen molecule in excited state travelling in the x-direction with 
kinetic energy of 1.0 eV dissociate into two hydrogen atoms. If one of 
them moves perpendicular to the x-direction with a kinetic energy 0.8 
eV, calculate the energy released in the dissociation reaction. 


If a gaseous sample consisting of identically excited hydrogen like ions 
is irradiated by a stream of photons each of energy 144K)/225, ten 
distinct lines are observed in the emission spectrum. Some of the lines 
correspond to energy lower than, some higher than and some equal to 
the energy of the incident photons. Here Eo is the ionization energy of a 
hydrogen atom in ground state. 


(a)In which excited state were the ions in the gaseous sample before 
interaction with the incident photons? 

(b) To which highest state were the ions in the gaseous sample excited? 

(c) Identify the element in the gaseous sample. 


A small spherical pellet of a -radioactive element affixed at one end of 
a thin metallic rod is concentrically enclosed by a metallic sphere and 
the rod extends out of the sphere through a small opening. The rod and 
the sphere are well insulated from each other. There are n radioactive 
decays per second and the energy in eV of the emitted electrons is 
uniformly distributed in the interval [Wnin, Wmax]. For which range of 
values of external load resistance R does this device behave as 


(a) a constant current source? (b) a voltage source? 


10. A point-like radioactive sample of decay constant / initially at a distance 


11. 


ro from a radiation counter starts moving towards the counter. If the 
count number recorded by the counter remains constant with time, 
express speed of the radioactive sample as function of time. 


Plutonium 239Pu is an unstable nuclei and decays with a half-life r= 2.4 
x 104 years by producing smaller nuclei including an alpha particle. 
Find the alpha particle flux density (number of the alpha particles per 
unit area per unit time) near the surface of a large plate of 239Pu having 
thickness d = 1 mm. Density of plutonium is p = 19800 kg/m? and mass 
of an atom of 229Pu is my = 3.84 x 10725 kg. 
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12. 


13. 


14. 


15. 


At present, concentrations of 2°8U and 235U in natural uranium are m 
and m and their half-lives are 7, and t respectively. Assuming con- 
centrations of each of these isotopes were identical at the time of the 
birth of the earth; find the approximate age of the earth. 


A free motionless nucleus of tin [!19Sn] emits a y-photon of energy 22.6 
keV, which is absorbed by another tin nucleus approaching the y- 
photon. Find velocity of the moving nucleus, if in the emission and 
absorption of y-photon, transitions of the nuclei take place between the 
same energy states. The rest energy of the tin nucleus is 113 GeV. 


When an a-particle collides with a stationary lithium nucleus, the 
following nuclear reaction may take place. 


4He + Li => YB +n 
If Q-value of this reaction is E = -2.87 MeV, find the minimum value of 
kinetic energy of incoming a-particles required for the reaction. 


Nuclei of deuterium D (2H) and tritium T (°H) can fuse according to the 
following reaction to produce a neutron and an alpha particle. 


D+T> *He+ 'n 


Calculate energies carried away by the neutron and the alpha particle 
in the above nuclear reaction. 


Assume binding energies per nucleon of deuterium, tritium and helium 
to be 1.00 MeV, 2.80 MeV and 7.00 MeV respectively and neglect kinetic 
energy of the nuclei before the fusion. 
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An isotropic point light source S of power P, located a distance d from a 
specially designed non-absorbing, non-dispersing and non-reflecting 
lens. This lens converges all the radiant energy coming from the source 
into a beam parallel to its optical axis. Find magnitude of the force of 
radiation pressure on the lens. 


Five faces of a homogeneous cube of mass m = 4.0 g are painted in white 
(reflects all wavelengths) and one face in black (absorbs as well as 
radiates wavelengths) and the cube is placed in vacuum in free space at 
a very low temperature (near absolute zero). Initially, when the cube is 
at rest, it is given Q = 900 J of heat. As it cools down due to heat 
radiation, it starts moving slowly. Estimate its terminal speed. Speed of 
light is c= 3 x 108 m/s. 


In the emission spectrum of hydrogen-like ions, energies of the spectral 
lines range from a minimum value 1.224 eV to a maximum value 52.244 
eV. Now the photons of the second line of the Balmer series are filtered 
and made to incident on the surface of a metal of work function 2.20 eV. 
If the most energetic photoelectrons emitted pass un-deviated through 


a cross-field region (magnetic field 1.0 mT and unknown electric field 
perpendicular to the magnetic field), calculate the intensity of the 
electric field. 


The energy radiated by the Sun is generated primarily by the fusion of 
hydrogen into ‘He. In stars of size in the order of that of the Sun, the 
primary mechanism by which fusion takes place is the proton-proton 
chain. The chain begins with the following reactions: 


2p > X, +e +X, (0.42 MeV) (R-1) 

p +X, > X, +y (5.49MeV) (R-2) 
The amounts listed in parentheses in the above reactions are the total 
kinetic energy carried by the products, including gamma rays. Here p 


denotes a proton, e* denotes a positron, ydenotes gamma rays and X;, 
X, and X; are unknown particles. 


The density of electrons in the core of the Sun is sufficient so that the 
positron is annihilated almost immediately, releasing energy x. 

e +e > 2y (x) (R-3) 
Subsequently, two major processes occur simultaneously that we call 
pp-I and pp-II branches. 
The pp-I branch is the following single reaction, which releases energy 
y. 


2X, > *He + 2X, (y) (R-4) 
The pp-II branch consists of the following three reactions: 
X, + “He > X, +7 (R-5) 
X,+e > X, +X, Ø (R-6) 
X,+ X, > 2*He (R-7) 


Here z is energy released in step R-6. 


(a) Identify the particles X,; through X,;. Here X, and X; are neutral 
particles of negligible masses. 

(b) Find the energy released during the production of one helium-4 
nucleus, including the kinetic energy of all products and all energy 
carried by gamma rays. 

Mass of electron is 0.51 MeV/c?, mass of proton is 938.27 MeV/c? and 
mass of tHe nucleus is 3727.38 MeV/c?. 

(c) Find the energies x and y released in reactions R-3 and R-4. 

(d)Reaction (R-6) does not proceed as follows because there is 
insufficient energy. 


X, > X, +e + X, 
What constraint does this fact place on values of z? 
(e)In which of the above reactions, energy carried by any given product 
has unique value every time the reaction occurs. Assume that kinetic 


energy carried in by the reactants in each step is negligible, and that 
the products are in the ground state. 
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AND HINTS Multiple Choice Questions 
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ANSWERS 

(d) 5. (d) 
(d) 6. (a) 
(a), (b) and (d) 7. (d) 
(b) 8. (b) 


9. 


10. 
11. 
12. 


(d) 13. (b) 
(a) and (c) 14. (c) 
(b) 15. (c) 


(a), (b), (c) and (d) 
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Along the tube opposite to the direction of the 
photon emission 


3 
tan Jot -(1= 9) i 
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the negative y-axis. 
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2.6 eV 


(a) First excited state 
(b) Fourth excited state 
(c) Lithium 


(a) o < R < Main 
ne 


Diag (-#) 
ha eo 


pdln2 


z 2.36x10" m” s“ 
2TM, 


. “E(t Ma ) = 4.51 MeV 


Li 


. 14.08 MeV and 3.52 MeV 
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P „è eU a 
2c 2(r? +d?) Nr? +d? 


z Ca =0.25 mm/s 


g amc 
1.68 kV/m 


(a) X, = 2H, X, = anti-neutrino, X; = 3He, X, = 
1H, X; = "Be, X, = "Li, X7 = anti-neutrino 


(b) 26.72 MeV 

(c) x= 1.02 MeV and y = 12.86 MeV 

(d)z< 1.02 MeV 

(e) R-2, R-3, R-5, R-6 and R-7 

Reactions with two products have a single 
set of product energies, whereas those with 


three or more products produce a spectrum of 
output energies. 
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